
ABSTRACT 

HONEYCUTT, KENDA K. Fracture Patterns and Taphonomic Processes in a Mass Grave 

Environment:  A Quantitative Analysis. (Under the direction of Dr. Ann H. Ross). 

 

Forensic anthropologists are often asked to assist in the investigation of international 

human rights violations. Of particular interest is the occurrence of skeletal trauma relative to 

time-of-death.  Thus, the purpose of this research is to conduct an experimental research 

study to simulate the conditions of a mass grave in order to identify the effects of taphonomy 

on fracture characteristics in relation to time-of-death. 

To replicate the conditions of a mass grave, a sample of ten domestic pigs (Sus 

scrofa) were deposited in a mass grave on the surface at the North Carolina State University 

Lake Wheeler Field Site. The sample of ten were euthanized in the same manner (by captive 

bolt pistol) and trauma was inflicted on the legs and upper torso of each pig with five 

receiving blunt force trauma (with a sledgehammer) and five receiving sharp force trauma 

(with a machete).  All ten pigs were then randomly interred together in an open grave for 

three months (July-September) to allow for observation and accelerated decomposition. 

Documentation of trauma was conducted through gross morphological assessment and scored 

for completeness of fracture, fracture color, angle outline, surface morphology, and the 

presence of radiating fracture lines. Observations were also made regarding stage of 

decomposition, insect activity, scavenging, and daily temperatures/precipitation. Fractures 

were separated by location in the grave (core or periphery) and depositional environment 

(submerged, surface, and buried)—fractures inflicted at deposition were considered to be 

perimortem (Postmortem Interval=0). Two months following excavation, the bones were re-



fractured and re-scored to represent an intermediate fracture state (Postmortem Interval=5 

months). In addition, to account for definitive postmortem fractures, pig bones from a 

previous taphonomic study were fractured (Postmortem Interval=1 year) and re-scored.  

Statistical analysis includes the use of Decision Trees, a predictive model generated 

in SAS Enterprise Miner 6.1 that determines group classification (Postmortem Interval or 

PMI), and a longitudinal mixed-effects model to examine rate of decomposition. Results 

show that it is possible to predict time of fracture (PMI) based on environment and fracture 

characteristics. In particular, fracture color was the best predictor to use for group 

classification in both models, indicating that it may be the most accurate indicator for time of 

fracture in a mass grave environment. Fracture morphology is also influenced by depositional 

environment. After scoring for color, the depositional environment has the ability to 

influence the classification group of a fracture, suggesting that it is possible that moisture 

retained within the core of the mass grave from accumulated body fluids has the potential to 

make fracture morphology appear “perimortem” for a longer period of time. In addition, the 

longitudinal analysis revealed that the rate of decomposition is statistically more rapid within 

the first six days of deposition, mostly due to insect activity and temperature. Of interest, 

type of trauma was also found to be statistically relevant for rate of decomposition, but only 

as a long-term effect. The results of this research will serve to establish guidelines for 

forensic scientists working globally in post armed conflict arenas.  
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CHAPTER ONE: INTRODUCTION 

 

Under normal circumstances, the burial of human remains is a common cultural 

means of disposal. Tragically, however, burial is often used as a means to cover up both 

human rights abuses and war crimes. Hostilities fueling these killings range broadly from 

declared wars between nations, border disputes, ethnic or political struggles, or “dirty” wars 

of repression (Haglund 2002). Although mass graves are not a new phenomenon, systematic 

forensic investigations of these events are occurring globally in higher frequency—

Argentina, Guatemala, Iraqi Kurdistan, Ukraine, El Salvador, Rwanda, Yugoslavia, Chile, 

Serbia, and Bosnia-Herzegovina, to name a few (Vanezis 1999; Rainio et al. 2001; Haglund 

2002; Baraybar and Gasior 2006; Dijuric et al. 2007). Historically, these investigations have 

been conducted by anthropologists engaged by non-governmental organizations (NGO) to 

monitor mass grave exhumations and postmortem examinations; these investigations are 

typically conducted by the host country or an international forensic team (Skinner et al. 

2003).  

  Mass grave environments are unique, often presenting a complicated taphonomic 

environment that is affected by a multitude of variables; their creation and subsequent 

modification by natural and human agents reflect complex and confusing site histories and 

site formation processes (Jessee and Skinner 2005; Tuller and Duric 2006). In addition, mass 

graves produce their own micro-environment in which remains often decompose at 

differential rates depending upon their condition at burial, method of burial, and surrounding 

-soil context. Mant (1987) asserts that bodies located in the center of a mass grave will 



 

12 

decompose more slowly than those on the outer edges of the body mass, creating what is 

known as a feather edge effect. Furthermore, remains on the periphery tend to bridge two 

different taphonomic interfaces: contact with other remains and contact with the surrounding 

soil matrix. According to Haglund (2002), remains located within the interior of the body 

mass generate their own “synergistic” environment, which may be favorable for preservation. 

Essentially, remains trap moisture originating from body fluids and the fluids from 

decomposition within the core of the grave; mass graves can yield partially to fully fleshed 

remains for an undetermined amount of time.    

In addition to a thorough understanding of taphonomic processes, forensic 

anthropologists are often asked to assist in the analysis of trauma. Unfortunately, a majority 

of remains exhumed from mass graves pose challenges for anthropologists; they are 

commonly skeletonized, fragmented, commingled, and skeletal trauma is often obscured by a 

variety of taphonomic factors. In particular, one of the most challenging tasks facing 

anthropologists examining mass graves is the classification of injuries, specifically the 

differentiation between perimortem and postmortem fractures. Fresh or “green” bone 

contains a higher moisture and collagen content, which greatly increases the bone’s elasticity 

and ability to absorb stress. As a result, freshly broken bone creates fracture patterns distinct 

to the perimortem interval (Wieberg and Wescott 2008; Moraitis et al. 2009). In contrast, dry 

bone contains less water and is more rigid and brittle, requiring much less energy to fracture. 

Consequently, as moisture is lost and bone begins to degrade, fracture morphology changes 

to reflect the bone’s postmortem nature (Wheatley 2008; Wieberg and Wescott 2008). 

However, bone is able to retain moisture content and flexible collagen matrix well after 
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death, increasing the interval during which skeletal fractures can exhibit typical perimortem 

fracture morphology.  

The goal of this study is to investigate the effects of taphonomy on fracture 

morphology with relation to time-since-death in a mass grave environment through 

experimental analysis. The main research objectives for this study were to: 1) quantify 

decomposition as a function of time; 2) examine the influence of various taphonomic 

variables on rate of decomposition; 3) examine the influence of depositional environment on 

fracture morphology; and 4) determine if time of fracture can be quantitatively predicted 

based on fracture morphology. The goal is to test the null hypothesis that taphonomic 

processes do not affect the appearance of fracture morphology. It is expected that pigs on the 

periphery of the grave will skeletonize more rapidly and that the fractures will appear to be 

more characteristically perimortem than pigs located within the core of the grave. 

Furthermore, it is expected that due to moisture retention from bodily fluids, fracture 

morphology in the core group will mimic “perimortem” morphology for an extended period 

of time.  
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CHAPTER TWO: REVIEW OF THE LITERATURE 

 

 

I. MASS GRAVES AND TRAUMA 

In many instances, mass graves are used as an efficient means of hiding human rights 

abuses and war crimes. As defined by Jessee (2005), a mass grave is any location containing 

two or more associated bodies, indiscriminately or deliberately placed, of victims who have 

died from extra-judicial, summary, or arbitrary executions; this does not include individuals 

who have died as a result of armed confrontations or natural disasters. Blunt force and sharp 

force trauma are two of the most common types of injuries associated with mass graves. 

Blunt force trauma is a force that is applied over a large surface area with a wide focus; this 

type of trauma results in fractures over a large area. In the case of human rights 

investigations, blunt force trauma mostly occurs as a result of beatings, torture, and 

explosions (Kimmerle and Baraybar 2008). Fracture morphology associated with blunt force 

trauma depends on a variety of intrinsic factors such as bone buttressing, thickness, and 

plasticity, as well as extrinsic factors, such as direction and intensity of the blow(s) and the 

shape and size of the implement used (Ta’ala 2006). In contrast, sharp force trauma is a blunt 

force blow that is delivered by a sharp object (Steadman 2009).   

Sharp force trauma entails the combination of a compression or shearing force that is 

applied dynamically with a narrow focus. This may include actions such as puncturing, 

cutting, chopping, sawing, or crushing, depending on the weight and pressure applied. 

Fracture morphology not only depends on the biomechanical properties of the bone being 

struck but also on the characteristics of the weapon (Ta’ala 2006). In particular, long-heavy 
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weapons such as machetes are employed using either one or two hands and have been termed 

chopping weapons. Chopping generally requires more force and greater weight from the 

weapon and often results in a series of small fragments or “chips” caused by the vibrations of 

the weapon, known as chattering. In this type of weapon, the width and depth tend to be 

more proportional. The penetration of heavier objects limit the amount of lateral movement 

of the blade and consequently, force is applied over a shorter area (Kimmerle and Baraybar 

2008; Humphrey and Hutchinson 2001).  

Given the fragmentation and commingling of remains that occurs in a mass grave 

environment, one difficulty that forensic anthropologists encounter is determining the timing 

of injuries. Using characteristics of bone, traumatic injuries are generally recorded as 

occurring antemortem, perimortem, or postmortem. Antemortem trauma occurs before death 

and is recognized by the presence of an osteogenic reaction at the injured site. When this 

occurs, a well-known series of physiological events normally follows (Moraitis and 

Spiliopoulou 2006; Wieberg and Wescott 2008). When the cortical surface of a bone is 

disrupted, initial vascular damage causes a hematoma to form over the area of the injury. 

Additional fluid is generated at the trauma site by plasma released by injured vessels and 

within days, a fibrous matrix provides a framework for the initial deposition of a bony callus. 

Eventually, the callus is remodeled and replaced by lamellar bone (Sauer 1998). The term 

“perimortem” is used by anthropologists to indicate events occurring near (around) the time-

of-death. Classifying trauma as perimortem often implies that the injury is directly associated 

with the cause-of-death and the accurate interpretation of perimortem trauma. In particular, 

timing of injuries, via reconstruction, is crucial to the investigation (Wieberg and Wescott 
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2008). Postmortem trauma is usually associated with taphonomic processes or may result 

from improper handling of remains during the exhumation process (Ferllini 2007). The term 

“postmortem” also refers to time-since-death and encompasses the period from death to 

discovery. As such, the postmortem interval provides information regarding timing of injury, 

taphonomic processes, and a time frame for the final movements of the victim (Komar and 

Buikstra 2008).   

 

II. BIOMECHANICS OF FRACTURE PRODUCTION 

A bone’s response to stress primarily depends upon two factors: force—or the 

amount, direction, area, and loading rate—and the mechanical properties of the bone—or the 

density, tissue, composite, geometric shape, collagen orientation, and rigidity (Galloway 

1999; Love and Symes 2004; Moraitis and Spiliopoulou 2006). In addition, bone is 

anisotrophic (able to resist stresses equally in any direction) and is governed by the 

interaction of organic (collagen) and inorganic (hydroxyapatite crystals) tissues. As a result, 

bone is capable of absorbing relatively large tensile and compressive forces (Lyman 1994; 

Galloway 1999; Loe 2009). Biomechanical studies have shown that cortical and trabecular 

bone is exponentially stronger under compression rather than tension. When a bone breaks, it 

will fail on the tension side first before progressing toward the compression side (Galloway 

1999; Komar and Buikstra 2008). If under continual stress, bone will absorb forces first 

through elastic deformation(or the temporary bending of bonds between atoms)and then 

through plastic deformation(or the permanent bending of bonds between atoms)before 

ultimately failing (Symes and Love 2004). Thus, fractures occur in response to certain forces 
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pushing bone into plastic deformation and exceeding the ability of the bone to retain its shape 

(Loe 2009).  

Classification of Forces 

Force must be applied to a bone in order to break it. The ability of a force to produce 

skeletal trauma is dependent upon the amount of energy transferred from the impacting 

object and the size of the impacted area (Galloway 1999). The primary forces involved in the 

fracturing of bone include: tension (or stretching), compression (or compaction), shearing (or 

sliding), rotation (or twirling), and angulation (or bending) (Lyman 1994; Galloway 1999; 

Loe 2009) (see Figure 2.1). Furthermore, fractures are produced by direct and indirect 

applications of force. Fractures localized to point of impact (direct force known as direct   

 

 

 

 

 

 

 

 

 

trauma) occur when an object strikes a stationary or slowly moving body or when the body 

strikes a stationary or slowly moving object. Direct trauma produces a range of different 

fractures: tapping, crush, and penetrating fractures. Indirect trauma results in fractures 

beyond the site of immediate impact. Fractures produced by indirect trauma can typically be 

 
 

Figure 2.1 Forces Acting Upon Bones. Arrows indicate the 

direction of the application of force (Galloway 1999) 
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classified according to the forces that acted on the affected bone (Galloway 1999; Moraitis 

and Spiliopoulou 2006).  

Classification of Fractures 

Fractures are typically classified based on the degree and pattern of breakage. 

Generally, they can be grouped into two major categories: incomplete and complete 

fractures. Incomplete fractures are characterized by retention of some continuity between 

portions of the fractured bone; given the elastic nature of younger bones, these types of 

fractures are typically associated with children (Galloway 1999; Love and Symes 2004). 

Examples of incomplete fractures include: bow fractures, torus (buckling) fractures, 

greenstick injuries, toddler’s fractures, vertical fractures, and depressed fractures (Galloway 

1999; Komar and Buikstra 2008) (Refer to Figure A.1 in the Appendix). Complete fractures 

refer to fractures that extend throughout the entire cross section of a bone, resulting in 

discontinuity between two or more fragments. There is no disruption in the overlying skin at 

the fracture site in closed or simple fractures. Open or compound fractures involve injuries in 

which there is contact with the outside, such as a bone projecting through the skin (Komar 

and Buikstra 2008). In addition, complete fractures can often be classified according to 

morphology and location of the fracture line; it is this system that is commonly utilized in 

skeletal trauma studies (Villa and Mahieu 1991; Ubelaker and Adams 1995; Galloway 1999; 

Wheatley 2008; Wieberg and Wescott 2008; Moraitis et al. 2009). Typical complete fractures 

include: transverse fractures, oblique fractures, spiral fractures, comminuted fractures, 

butterfly fractures, and segmental fractures (Figure 2.3). 
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Figure 2.3 Classification of Complete 

Fractures. Arrows indicate the direction of 

the applied force (Galloway 1999) 

 

 

III. DISTINGUISHING PERIMORTEM AND POSTMORTEM FRACTURES 

One of the most challenging tasks in the analysis of skeletal trauma is distinguishing 

between perimortem and postmortem trauma. Two main characteristics have been cited as 

helpful indicators when attempting to establish whether an injury was sustained perimortem 

or postmortem: color variation and fracture morphology (outline, surface, and angle) 

(Wieberg and Wescott 2008). 

Color Variation 

Ubelaker (1995) found that color change or staining of bone can be caused by blood, 

soil, water, organic matter, and the fluids emitted from decomposition. In the event of trauma 

on bone, blood leaks from veins and arteries to form a pool (hematoma) over the damaged 
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area; oftentimes this occurs at or near the fracture location (Huculak 2009). Thus, forensic 

anthropologists often look for color differences between the bone fracture surface and the 

internal and external cortical bone surfaces. A fracture is regarded as having occurred before 

decomposition and taphonomic staining if the fracture surface and cortical bone surfaces are 

identical in color.  However, research suggests that there is a possibility that the color could 

equalize between the fracture surface and the bone surface over time, thus creating the 

appearance of perimortem injury. To date, no known research has addressed this question 

(Wieberg and Wescott 2008).     

Fracture Morphology  

Several authors have pointed out that the ability to distinguish perimortem from 

postmortem injury has less to do with the time-of-death than it has to do with subtle attributes 

of bone tissue (Love and Symes 2004; Moraitis and Spiliopoulou 2006). The majority of 

morphological indicators used to differentiate between perimortem and postmortem fractures 

are discussed in terms of “green” or “fresh” bone versus “dry” bone. Fresh living or recently 

defleshed bone (referred to as green bone) contains a higher moisture and collagen content, 

which greatly increases the bone’s elasticity and ability to absorb stress. As a result, fresh 

bone is highly pliable and possesses considerable tensile strength; when fractured, the bone 

will splinter, creating irregular fracture surfaces, edges, and fragments of bone that may 

remain attached to the fracture surface margins (Moraitis and Spiliopoulou 2006; Wieberg 

and Wescott 2008; Moraitis et al. 2009). Concentric, circular, and spiral fractures are 

commonly observed when a bone is broken while fresh.  Additionally, fractures that display 

“greenstick” qualities (splintering, unclean breaks) and “butterfly” patterns (oblique 
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transverse fractures) are also most likely due to trauma occurring during the perimortem 

interval (Wieberg and Wescott 2008). However, research conducted by Ubelaker (1995) 

indicates that “butterfly” fractures are not entirely limited to perimortem trauma and can also 

be produced postmortem. 

In contrast, dry bone contains less water and is stiff and brittle, requiring much less 

energy to fracture; consequently, as bone and collagen matrix decompose and moisture is 

lost, fracture morphology changes. Trace element analysis and scanning electron microscope 

(SEM) images suggest that dry mineralized bone tissue undergo structural changes that cause 

it to break differently than fresh bone (Wieberg and Wescott 2008). Typical fracture 

characteristics of modified dry bone include: production of several small fragments, brittle 

flaking or shattering, and surface cracking. The rate at which bone loses its moisture and 

fibrous content and becomes dry depends, to a great extent, on the postmortem 

microenvironment. The postmortem changes in bone composition influence fracture 

patterning as bone responds differently to loading depending on whether it is fleshed or dry 

(Wheatley 2008). In particular, fire and heat accelerate the drying of bone and the 

deterioration of collagen and other organic matter, while specimens that have been 

submerged or frozen may retain those elements for much longer periods of time (Sauer 

1998). 

Given that bone tends to retain moisture content and flexible collagen matrix well 

after death, the determination of perimortem or postmortem trauma becomes difficult 

because the interval during which skeletal fractures exhibit typical perimortem fracture 

morphology increases. Few authors discuss how long perimortem fracture characteristics can 
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persist into the postmortem interval or the causes of the change in morphology (Wieberg and 

Wescott 2008). Specifically, Haglund (2002) reports that moisture from body fluids can be 

retained within the core in mass graves. Additionally, moisture may be retained in saponified 

bodies, in bodies buried under the water table or in areas that are susceptible to flooding. In 

such cases, bone damage often mimics “perimortem” morphology for an extended period of 

time (Rhine and Dawson 1998). Consequently, researchers have determined that the most 

reliable morphological characteristics to use in the determination of perimortem and 

postmortem trauma are fracture outline, surface, and angle. 

According to Villa and Mahieu (1991), fracture outline is difficult to assess due to 

variability. Fracture outline refers to the shape of the fracture on the bone; this is documented 

using three basic categories: transverse, curved or V-shaped, and intermediate (Figure 2.4). 

Transverse fractures are straight and perpendicular to the bone’s longitudinal axis and are 

more commonly associated with fractures of dry bone. Curved fractures are spiral or portions 

of spiral fractures that are combined with V-shaped fractures or fractures that are pointed at 

the end of the bone. These two types of fracture outlines represent complex and 

multidirectional morphologies, which are in direct opposition to simple transverse, 

“rectilinear” morphologies.  Intermediate fracture outlines are a combination of fractures 

with a straight morphology and with a stepped outline—“a catch-all for all those cases that 

do not fit neatly into the ‘transverse,’ ‘curved,’ or ‘V-shaped’ classes” (Villa and Mahieu 

1991, pp. 36-37).  
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Figure 2.4  Curved (a, b, c and e left), 

transverse (d) and V-shaped (e right) 

fracture (Villa and Mahieu 1991) 

 

 

 

Figure 2.5 Fractures with right angles (a); 

fractures with oblique angles (b) 

(Villa and Mahieu 1991) 

 

Villa and Mahieu (1991) define fracture angle as the angle formed by the fracture 

surface and the surface of the cortical bone. Obtuse or acute angles are commonly seen in 

long bones fractured while they were fresh or recently defleshed, whereas breakage at  

nearly right angles to their long axes with almost flat ends are said to be associated with dry 

bone fractures (see Figure 2.5) (Wheatley 2008). 

Fracture surface, or edge, refers to the aspect or texture of the fracture margin: 

smooth or jagged (Villa and Mahieu 1991) (Figure 2.6). Green bone fractures are 

characterized by smooth, sharp, often beveled fractured edges. In contrast, dry bones 

generally show fracture edges that are irregular-to-jagged, but blunt (Moraitis and  

(e) 

(d) 

(a) 
(a) 

(b) 

 

(b) 

(c) (d) 
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Figure 2.6 Jagged fracture surfaces (a); smooth fracture surfaces (b) 

(Villa and Mahieu 1991) 

 

Spiliopoulou 2006; Wheatley 2008). These differences between fresh and dry bone fracture 

may result from the more heterogeneous nature of dry bone. The jagged edges follow 

weathering cracks along the surface of the bone as it dehydrates, causing new fracture fronts 

to terminate upon intersection with another crack; this will create a step-like appearance 

along the edge of the fracture (Janjua and Rogers 2008). Micro-step fractures can also appear 

in fresh bone if the “fracture front splits to bypass structural irregularities of the bone” 

(Wieberg and Wescott 2008, pp. 2). In addition, hackle marks can sometimes be observed on 

the fracture surface of a fresh bone.  These marks are small fissures that penetrate the 

fracture, usually near the impact site, and parallel the principle direction of the fracture 

(Wieberg and Wescott 2008). 

Fracture surface has also been found to be  a useful method for the assessment of 

perimortem skeletal trauma; the presence of bone tears, break-away notches, and plastic 

deformation aid in the diagnosis of perimortem trauma (Moraitis et al. 2009). Wieberg and 

Wescott (2008) examined changes in long bone fracture characteristics when fractures were 

(b) (a) 
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produced over a 5-month period and observed that fracture surface appearance and fracture 

angle exhibit the greatest degree of difference with time-since-death. In addition, they found 

that both of these fracture characteristics are significantly correlated with the moisture 

content of bone. Their results demonstrate that bone moisture content decreased rapidly for 

the first few months after death and then slowed over consequent months, suggesting that 

bone does not cease to react like living tissue at the moment of death. In an experimental 

fracture study using deer femora, Wheatley (2008) also tested the elasticity of the perimortem 

interval. This researcher concluded that fracture outline was exclusive to the perimortem 

interval; fracture surface, angle, the presence of fracture lines, and butterfly fractures were all 

determined to be unreliable at differentiating between perimortem and postmortem fractures. 

In contrast, Villa and Mahieu (1991) observed that fracture outline and angle were the only 

fracture characteristics helpful in the identification of perimortem and postmortem fractures. 

In a study specifically analyzing rib fracture patterns, completeness of fracture revealed an 

insignificant difference in frequency between age groups, suggesting that chronological age 

may not be as influential in the mechanical behavior of bone as previously thought (Love and 

Symes 2004).  

In addition to determining the timing of fracture characteristics, several studies have 

analyzed the influence of taphonomy on trauma. Calce and Rogers (2007) examined the 

effects of taphonomic processes (temperature, scavenging, and weathering) on blunt force 

trauma using pig heads. They discovered that these taphonomic variables (in particular, the 

freeze-thaw cycle) have the potential to disguise evidence of blunt force trauma, 

demonstrating the importance of examining and documenting taphonomic changes at the 
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microenvironmental level. Furthermore, in an experimental study using pig femora, Shattuck 

(2010) discovered that taphonomy (weathering) influences the timing of fracture 

characteristics. Longitudinal cracking was found to be associated with the retention of a 

curvilinear fracture outline—in particular, fracture outline proved more useful when bones 

have been weathering for approximately four months or longer. Fracture surface proved more 

suitable over the short term, roughly two months or less. In addition, Shattuck (2010) was 

able to establish a tentative time frame for separating perimortem from postmortem fracture 

using fracture surface and angle. If a bone presented a jagged fracture surface, the fracture 

was found to have likely occurred more than two weeks after the time-of-death. These jagged 

fracture surfaces and right angle fractures began to exclusively appear after ten weeks of 

weathering (Shattuck 2010). 

  

IV. PROCESSES OF DECOMPOSITION 

 Human decomposition begins almost immediately following death and is characterized 

by a series of endogenous and exogenous factors. Due to the processes of autolysis, or self-

digestion, and putrefaction, soft tissue that has not been naturally or artificially preserved is 

subject to gross and chemical decomposition (Clark et al. 1997; Dent et al. 2004). Autolysis 

is thought to be triggered by a decrease in intracellular pH, which occurs as cells of the body 

are deprived of oxygen, carbon dioxide in the blood increases, and waste accumulation 

poisons the cells. Digestive enzymes begin to dissolve the cells from the inside out, causing 

them to rupture and release nutrient-rich fluids (Gill-King 1997; Komar and Buikstra 2008). 

Meanwhile, chemicals in the muscles produce postmortem stiffening (rigor mortis), the body 
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acclimates to ambient temperature (algor mortis), and gravitational blood pooling causes 

discoloration of the skin (livor mortis) (Clark et al. 1997). As the body’s cells reach end-

stage autolysis, an anaerobic environment is created, favoring the rapid growth of bacterial 

inhabitants from the large boweland triggering the process of putrefaction (Gill-King 1997). 

Putrefaction is characterized by bacterially-induced destruction of soft tissue and gas 

formation (Dent et al. 2004). Typically, the first visible sign of putrefaction is discoloration 

of blood vessels and skin (known as marbling), followed by the distension of tissue due to 

subcutaneous gas accumulation (bloating), and “gloving”. Gloving, or maceration, occurs 

when water is absorbed into the skin, giving the skin a wrinkled appearance; this is 

commonly observed after prolonged water immersion (Gill-King 1997; Komar and Buikstra 

2008). 

 Following putrefaction, the decomposition process continues through liquefaction 

and disintegration. The body’s tissues and organs soften during decomposition and 

degenerate to a mass of unrecognizable tissue that eventually becomes liquefied. Discolored 

natural liquids and liquefying tissue exude from natural orifices, forced out by the increasing 

pressure of the gases producing a ring of mucus that surrounds the corpse. Ultimately, 

liquefaction and disintegration of the soft tissues leave behind skeletonized remains held 

together by ligaments (Dent et al. 2004). As a body is predominantly reduced to hard tissues 

(bone, teeth, cartilage), decomposition becomes dependent upon type of burial, soil, 

environment, and various intrinsic bone factors (chemistry, shape, size, density, and age). In 

particular, bone is broken down through the processes of weathering and diagenesis.  
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Skeletal decomposition, or bone weathering, is the process by which the original 

microscopic organic and inorganic components of a bone are separated from each other and 

destroyed by physical (natural weather-related processes such as temperature, precipitation, 

humidity, and sunlight) and chemical agents operating on the bone in situ (Behrensmeyer 

1978; Cunningham et al. 2011). Bone modification occurs as a result of combination of 

physical and chemical processes that can produce cracking, splitting, exfoliation, and 

fragmentation of the exposed bones; a related phenomenon is erosion, by which damage is 

caused to surface bone material through contact with acidic and basic soils, and other 

materials found in the environment (Janjua and Rogers 2008). Over time, bone is also 

subjected to the process of diagenesis. Diagenesis refers to the alteration of organic 

(collagen) and inorganic (hydroxyapatite, calcium, magnesium) components of bone when 

exposed to environmental conditions (Gill-King 1997). This is accomplished by the removal, 

exchange, substitution, infiltration and absorption of ions between the bone and the 

surrounding environment (Dent et al. 2004). The porosity of skeletal tissue can greatly 

influence diagenetic chemical change—the greater the porosity of bone tissue, the greater the 

susceptibility of that tissue to diagenetic change and the more rapid the chemical ion 

exchange between the tissue and the sedimentary matrix in which it is embedded (Lyman 

1994).  

In a study on the categorization of weathering patterns in Africa, Behrensmeyer 

(1978) proposed six weathering stages that were defined through observation of continuous 

physical changes in bone over time. She also determined that bones or parts of bones that 

project more than ten centimeters above the ground surface are often less weathered than 
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those close to the ground, indicating that the greatest bone weathering occurs in the zone 

immediately above the soil (Behrensmeyer 1978). This study showed that temperature and 

moisture fluctuations at the soil surface can be correlated with patterns of bone weathering. 

As indicated by several authors, cracking of long bones due to weathering follows 

bone structure, that is, the orientation of Haversian systems and collagen fibers. Ubelaker 

(1995) noted that weathering cracks may look like fractures produced by blunt force trauma. 

Weathering can affect the impact site by creating post-mortem cracking (pseudo-trauma) and 

extreme flaking that both disguise existing radiating fractures and that also mimic blunt force 

trauma by creating additional linear fractures (Calce and Rogers 2007). In addition, 

whitening of bones as result of sun exposure can alter the initial coloration of the fractured 

edges and abrasion of the exposed bone due to sediment action or erosion can remove 

important indicators of perimortem trauma by rounding off the fractured edges (Moraitis and 

Spiliopoulou 2006). 

The degree of weathering depends on regional environmental conditions such as 

moisture, temperature, and the amount of exposure to ultraviolet light (Moraitis and 

Spiliopoulou 2006; Calce and Rogers 2007; Janjua and Rogers 2008). Thus, it is important to 

examine and document taphonomic changes at the microenvironmental level and by season. 

Bones vulnerable to the effects of rain and snow are also susceptible to cracking, wedging, 

and flaking, which can either mimic or disguise trauma. Exposure to precipitation over an 

extended period of time causes inward displacement of bone at the impact site, leaving only 

the border of the outermost concentric fracture intact (Janjua and Rogers 2008). In a study 

examining bones deposited on the rain forest floor, Tappen (1994) discovered that 
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weathering crack formation is slower in a rain forest environment in comparison to an open 

savanna. She postulates that indirect sunlight from the forest canopy, cool air temperatures, 

and humidity from dense vegetation prevent the bones from drying out, resulting in a slower 

rate of weathering (Tappen 1994). Andrews and Cook (1985) obtained similar results when 

examining weathering rates in England. In their research, the remains were deposited in a 

shaded environment with a temperate climate and exhibited no evidence of weathering cracks 

after almost eight years of observation. Their results imply that if bones receive very little 

direct light, then they will not become bleached white, dry out, or cracked (Andrews and 

Cook 1985). 

Stages of Decomposition 

The progression of human decomposition has  traditionally been described 

qualitatively in four broad stages: fresh, bloat, decay, and dry (Reed 1958; Rodriguez and 

Bass 1983; Bass 1997). More recently, researchers have segregated remains into five major 

categories (fresh, early decomposition, advanced decomposition, skeletonization, and 

extreme decomposition). Within each of these classifications, non-sequential secondary 

categories were established to represent the overall condition of the remains and to allow for 

a multitude of environmental conditions (Galloway et al. 1989; Galloway 1997). The first 

study to quantify the process of decomposition was conducted by Megyesi et al. (2005). They 

devised a point-based scoring system using temperature, which they termed accumulated 

degree days (ADD). This method divides decomposition into four categories (fresh, early 

decomposition, advanced decomposition, and skeletonization) with secondary stages within 

each category. The stages are assigned point values, starting at “1” (fresh) that increase by 
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one point for each progressive stage. The total number of points received represents the 

amount of accumulated decomposition that has taken place. In addition, the remains are 

independently scored for the head, trunk, and limbs in order to account for differential 

decomposition—the scores for the three regions are then combined to produce a total body 

score (TBS). To date, this is the only method that has considered decomposition as a 

continuous process that can be scored quantitatively (Megyesi et al. 2005).  

One issue with this characterization of decomposition is where to place  other 

postmortem modifications, such as adipocere formation or mummification. Originally, these 

processes were ignored or incorporated under the advanced decomposition category; 

however, these modifications do not always occur and are often dependent upon taphonomic 

conditions. Prieto et al. (2004) suggests that these processes necessitate separate 

decompositional phases.   

Saponification, or adipocere formation, is a postmortem decomposition product 

which develops as the result of fat hydrolysis with the release of fatty acids. Also known as 

“grave wax” or “corpse wax”, adipocere varies in consistency and has been documented in a 

variety of environmental contexts (Gill-King 1997). Adipocere can present as a soft, whitish 

substance, a saponified hard, brittle condition, or a waxy, grey consistency (Ubelaker and 

Zarenko 2011). Mellen et al. (1993) describes it as a waxy or greasy substance that forms in 

warm water and is accelerated by high temperatures and tissues that are covered in cloth. In a 

study utilizing human cadavers immersed in water-filled pits, O’Brien and Kuehner (2007) 

demonstrate that temperature greatly affects the rate of adipocere formation in submerged 

remains. Specifically, the formation of adipocere on submerged remains occurs as a response 
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to an increase in temperature, particularly after 630 accumulated degree days (ADD) (Widya 

et al. 2012). Widya et al. (2012) also found that skin sloughing was the only feature that 

could be explicitly associated with adipocere formation, suggesting that the exposure of 

adipose tissue to water facilitate formation and constitute a later stage of decomposition. 

Adipocere also forms in a variety of burial conditions. Using pig adipose tissue, Forbes et al. 

(2005) established that alkaline pH, warm temperatures, and anaerobic conditions proved the 

best burial environments in which to promote the formation of adipocere. In particular, soil 

types such as sand and silt were able to accelerate adipocere formation when kept in a moist, 

temperate environment. In comparison, clay soil produced a smaller quantity of adipocere in 

a less advanced stage, most likely due to a higher concentration of oleic acid within this type 

of soil (Forbes et al. 2005). O’Brien and Kuehner (2007) suggest that the process of 

adipocere should not be viewed as a normal part of soft-tissue decay or decomposition—

adipose tissue is homogeneous, well structured, and depending upon the environment, it can 

remain virtually unaltered or stable. Thus, adipocere represents an important, but 

complicated, taphonomic phenomenon that can lead to prolonged preservation and reveal 

environmental factors useful in forensic investigation (Ubelaker and Zarenko 2011). 

Mummification is a product of desiccation; desiccation is the drying of soft tissues 

(Clark et al. 1997). Desiccation can affect the entire body or discrete portions depending on 

exposure to certain environmental conditions. Mummification develops in conditions of dry 

heat or in areas that have very low humidity; typically beginning in areas that contain little 

fluid—such as the fingers, toes, scrotum (Sledzik and Micozzi 1997). However, in cases 

where early decomposition is followed by dehydration of the outer surface of the remains, 



 

33 

the skin is often converted into a hard, leathery or parchment-like sheet; this provides 

protection for the internal portions of the body, slowing dehydration. In these circumstances, 

underlying tissues are frequently moist, soft, and pliable; gradual dehydration eventually 

transforms them into a dark, viscous, adhesive paste (Galloway 1997). The association 

between adipocere and desiccation is uncommon and there are few recorded instances of 

both conditions represented in a single case. However, Schotsmans et al. (2011) demonstrates 

that subtle differences in environmental conditions, soil, burial and individual microclimate 

factors can produce instances of differential decomposition, in which there is a simultaneous 

formation of both adipocere and mummification.  

 

V. TAPHONOMY AND DIAGENESIS 

Taphonomy literally means “the laws of burial” and is considered to be the processes 

that affect any organism from the time of death to the time of discovery. Taphonomic factors 

include both natural phenomena (environmental, floral, faunal) and human interference 

(Olson 1980). The term is often used in forensic anthropology in reference to the postmortem 

interval as taphonomic processes can obscure evidence of criminal activity (Sauer 1998; 

Calce and Rogers 2007). In addition, these processes can alter the appearance of bone to such 

an extent, that investigators may not be able to distinguish perimortem from postmortem 

trauma (Moraitis and Spiliopoulou 2006).   

Soil and Mass 

Soil pH affects the breakdown of organic compounds, including bone. Soil type and 

texture influences the microenvironment due to soil permeability and amount of moisture 
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retention (Janjua and Rogers 2008). Generally speaking, preservation of bone is higher in 

environments with a neutral or slightly alkaline pH and degrades more quickly in acidic 

conditions (Henderson 1987). However, it has been demonstrated that several acidic soil 

types (specifically, clay) can inhibit the decomposition process. A high clay fraction in soil is 

able to absorb certain compounds, such as enzymes and antibiotics due to its compacted 

nature and reduced porosity. Thus, it is possible that microbial enzymes, or even breakdown 

products during decomposition, could become attached to clay molecules and be rendered 

inactive, effectively impeding decomposition and odor production (Turner and Wiltshire 

1999). In turn, cadaver decomposition also affects soil processes. During decomposition, 

chemical components of the body are released from the cadaver and enter the surrounding 

soil, providing a localized pulse of nutrients which results in the formation of a concentrated 

island of fertility known as a Cadaver Decomposition Island (CDI). This island is associated 

with increased soil microbial biomass and microbial activity (Benninger et al. 2008). 

In addition, cadaver mass is known to have a significant impact on the rate of 

decomposition and release of cadaveric material into gravesoil, however, few studies have 

directly investigated the relationship between initial body mass and decomposition. Spicka et 

al. (2011) determined that the rate of carcass decomposition is influenced by carcass mass, 

which effects the time required for ninhydrin-reactive nitrogen (NRN) to be released into 

gravesoil. In particular, they discovered that neonatal carcasses require separate equations 

when utilizing gravesoil chemistry to estimate the postmortem interval (Spicka et al. 2011). 
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Temperature and Moisture 

It is well understood that temperature can have a significant effect on the rate of 

decomposition, which is primarily due to the effect of temperature on microbial metabolism 

and abiotic chemical reactions. Carter et al. (2008) tested this hypothesis in a variety of soil 

types and found that cadaver decomposition was more rapid at higher temperatures. In 

particular, they demonstrated that greater temperatures resulted in higher levels of soil 

microbial activity and microbial biomass, revealing the importance of temperature on the rate 

of decomposition. The effect of temperature is also correlated with latitude, season, burial 

depth, ventilation, and humidity (Henderson 1987). Ambient temperatures ranging between 

25 and 35°C are optimal for bacterial growth while dry and windy environments tend to 

dehydrate the corpse by rapidly impairing bacterial proliferation and triggering the 

mummification process. Also, humid environments can soak up tissues and slow down 

cadaver degradation, especially when remains are submerged (Mann et al. 1990; 

Campobasso et al. 2001). In previous studies, emphasis on the influence of temperature has 

led many forensic taphonomists to overlook the importance of moisture on the rate of 

decomposition and the degree of bone erosion (Jaggers and Rogers 2009; Carter et al. 2010). 

The influence of moisture on decomposition in soil is generally due to its effect on 

soil microbial activity, as microorganisms are the primary decomposers in soils. The 

availability of moisture can control microbial motility, the diffusion of nutrients and waste, 

and the activity of extracellular enzymes; these effects are modified by soil texture and 

structure, as the availability of moisture is determined, in part, by the suction with which 

water is held between soil particles (Carter et al. 2010). Moisture has also been found to 
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affect the leaching of chemicals from bone, increase dissolution and the loss of bone mineral, 

and facilitate the exchange of ions between bone and soil. In addition, the moisture level of 

the soil is affected by its composition; soils high in clay content retain moisture while those 

high in sand encourage drainage of ground water (Jaggers and Rogers 2009).  

Skeletal remains subjected to wet burial environments are generally thought to 

degrade quickly and be destroyed within a few years. However, decomposition of a 

submerged body can occur at a rate roughly half that of decomposition on the surface; this 

reduced decomposition rate results primarily from cooler temperatures and inhibition of 

insect activity (Haglund and Sorg 2002). Other factors that affect the rate of decomposition 

in water include bacterial content and salinity. A corpse submerged in stagnant water 

polluted with waste, will decompose much more rapidly than a corpse in relatively clean 

water that has a lower bacterial content. Likewise, decomposition in the ocean or other salt 

water source is slower than in fresh water due to the reduction of bacterial action by the salt 

concentration (Rodriguez 1997).  

Insect Activity 

A number of insect groups commonly colonize decomposing remains. Insect 

colonization progresses through the decomposition stages from the first few minutes after 

death until the bones are completely skeletonized. Specifically, insects from the orders 

Diptera (flies) and Coleoptera (beetles) are by far the most frequent in numbers of species 

and individuals (Haskell et al. 1997). Other insect orders, Hymenoptera (ants and wasps), and 

other non-insect orders such as Arachnida (spiders and mites) and Nematoda (worms) are 

facultative visitors, as predators of necrophagous species (Campobasso et al. 2001). 
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Lepidoptera (butterflies and moths) occasionally visit a cadaver in search of micronutrients. 

There are two fundamental methods for utilizing insect colonization to estimate time of 

death—the use of a known species’ developmental life cycle or patterns of insect succession.  

Blow flies are among the first insects to colonize remains and have a known life 

cycle; thus, these species are often used in time of death estimations (Figure 2.7).  

 

 
Figure 2.7 Generalized blowfly life cycle.(1) Oviposition (2) Eclosion: maggot emerges. 

(3) Larva I: length about 10 mm. (4) Larva II: length 20 mm. (5) Larva II: length 45 

mm. (6) Postfeeding larva III. (7) Puparium. (8). Eclosion: adult fly emerges. (9) After 

hardening for a few hours, adult maleand female flies seek mates. (10) Following 

copulation, female completes egg development. (11) Female lays egg mass at moist sites. 

(12) Female may lay several egg masses in her adult life (Haskell et al. 1997) 

 

 

Adult fly females generally lay eggs in locations with adequate moisture and indirect solar 

radiation—typically, inside the nasal passages, the mouth, or in folds of clothing/skin. Within 

a few hours (depending on species and ambient temperature), the eggs will hatch into the first 

of three distinct larval stages; first instar, second instar and third instar (Anderson and 

Cervenka 2002). The 1
st
 instar feeds for a period of time, then molts into a 2nd instar, which 
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again feeds, then molts into a 3rd instar; during the 3rd instar, maggots often form large 

masses that can greatly increase the temperature of the body (Greenberg 1991; Haskell et al. 

1997). Following the 3rd instar, the maggots stop feeding and enter a pre-pupal dispersal  

period in order to find a protected area in which to pupate. Prepupae often burrow into the 

surrounding soilas they approach the end of the dispersal period. Over the next 24 hours or 

so, the prepupa enters the process of metamorphosis by forming a hardened and dark 

puparium.  Upon completion of its metamorphosis inside the puparium, the adult fly emerges 

(Anderson and Cervenka 2002). 

The other method used to assess the postmortem interval is examination of insect 

succession. Rodriguez and Bass (1983) conducted an experimental study using human 

cadavers and found a direct correlation between rate of decay and the succession of insect 

families and species found in association with decaying remains. During the fresh stage of 

decay, blow flies and muscid flies were observed feeding and reproducing on the remains; at 

the onset of the bloated stage, flesh flies, carrion beetles, and rove and clown beetles were 

observed in addition to blow and muscid flies. Sap and rove beetles were associated with the 

remains during the decay stage; only beetles (sap, rove, dermestid, checkered, lamellicorn) 

were observed feeding on the remaining dry tissue during this stage (Reed 1958; Payne 1965; 

Payne and King 1970; Rodriguez and Bass 1983). However, the successional colonization of 

remains is highly dependent upon a variety of factors: season, habitat, ambient temperature, 

access to remains, and carcass size.  

Sharanowski et al. (2008) conducted an experimental study using domestic pigs to 

investigate the effects of season and habitat on insect succession. Their results indicate that 
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the effect of habitat (exposure to direct sunlight) on rate of decomposition occurred 

predominantly in the spring; decomposition rates of shaded versus sun-exposed remains did 

not differ significantly in the summer or fall. Furthermore, it was determined that carcasses 

placed during the fall and spring seasons attracted a more diverse assemblage of insects than 

remains placed in the summer (Sharanowski et al. 2008). Another major factor affecting 

decomposition rate is insect access to the remains. Using accumulated degree days (ADD), 

Simmons et al. (2010) determined that when time and temperature (ADD) are standardized, 

the presence of insects (through the consumption of the carcass by maggots) is responsible 

for accelerated decomposition; however, when insects are present, carcass size also 

influences rate of decomposition. Smaller carcasses typically decompose faster than large 

carcasses—it is possible that the slower rate of decomposition in large carcasses is a result of 

a greater body mass and volume for insects to consume, prolonging skeletonization 

(Simmons et al. 2010). These findings were confirmed by Spicka et al. (2011) who noticed 

that carcass masses less than 20 kg had much faster rates of decomposition in comparison to 

larger (40 and 50 kg) carcasses; patterns of oviposition remained similar irrespective of size. 

Hewadikaram and Goff (1991) observed a contradictory trend; they found that larger 

carcasses attracted a greater number of arthropods, resulting in an accelerated decomposition 

rate. They also discerned that the pattern of decomposition and composition of arthropod 

fauna remained the same among remains of differing size; only the rate of decomposition and 

overall number of insects varied.  
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Effect of Trauma on Decomposition 

The concept that penetrating trauma influences arthropod succession, and ultimately, 

rate of decomposition was established by early taphonomic studies. Observations from the 

Anthropological Research Facility at the University of Tennessee suggest that penetrating 

wounds or gross trauma does influence decomposition rates; flies were more quickly 

attracted to areas of trauma during the early egg-laying stage of oviposition (Mann et al. 

1990). Vass et al. (1992) also listed trauma as one of the factors affecting the onset of 

decomposition stages. Campobasso et al. (2001) considered sites of trauma (in particular, 

bleeding stab wounds and lacerations) to be preferential sites for the deposition of Diptera 

eggs. More recent studies, however, seem to contradict these findings. 

Kelly (2006) analyzed the influence of knife wounds on decomposition rates of pigs 

and found that female Diptera did not preferentially select carcasses with trauma. The 

presence of wounds and blood had no effect on overall insect succession or rate of 

decomposition. Cross and Simmons (2010) also established that penetrative gunshot wound 

trauma was not a major factor influencing the rate of decomposition. However, they did 

observe a more rapid rate of tissue loss up to 310 ADD, positing that rather than providing a 

preferential site for oviposition, trauma sites allow larvae to gain quicker access to 

underlying soft tissue. Once maggot masses are established, both trauma and non-trauma 

groups achieved similar levels of tissue loss. Given that this study only examined gunshot 

wound trauma, Cross and Simmons (2010) suggest that larger wounds with more soft tissue 

exposure may result in a greater rate of tissue loss that could affect the appearance of 

decomposition. However, they postulate that the pattern of decomposition may differ in 
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individuals with trauma sites but the actual rate of decomposition (measured quantitatively 

from ADD to skeletonization) will remain unaffected. 

 

VI. BONE MINERAL DENSITY 

The examination of taphonomic processes and preservational integrity of human 

remains is of great concern to forensic anthropologists and archaeologists. Preservational 

concerns are particularly relevant given the multitude of factors that bias the survivorship of 

human remains. Alteration of bone within the burial environment is dependent upon a range 

of intrinsic factors, such as size, mass, shape, structure, and density. Of all of these qualities, 

bone mineral density may be the single most important influence on survivorship of remains. 

Archaeological Faunal Cases 

The bulk of previous work on bone mineral density is centered on archaeological 

faunal analysis and the intrinsic properties of bones as determinants of their survival (Willey 

et al. 1997; Dirrigl 2001). Within this context, relative bone density is important for 

predicting which elements should survive, understanding the absence of specific elements, 

and interpreting the events that may have affected preservation between the time of death and 

recovery; the size and shape of various skeletal parts makes them more or less prone to 

destruction (Lyman 1994). Using camelid skeletal parts, Elkin (1995) demonstrated that 

different forms of destruction (weathering, trampling, carnivore gnawing, and chemical 

action) have distinctive features that respond differently to the intrinsic properties of bones. 

In addition, Ioannidou (2003) observed that bones of different species do not survive density 

mediated processes similarly, suggesting that they will be differentially preserved. Through 
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the measurement of domestic pig, cattle, and sheep, density values of young animals were 

generally found to be lower than those of adults. This study also found that the density of the 

male pig is similar to or slightly higher than the female pig when animals are young; 

however, when the animals reach maturity, females tend to have higher densities. In addition, 

Ioannidou (2003) concluded that each species has its own specific density pattern (high intra-

taxonomic variability) and do not survive taphonomic processes equally. However, Lam et 

al. (1999) found a low degree of intertaxonomic variability in their comparison of bovid, 

cervid, and equid species, suggesting that density values for one species can be used to 

examine the skeletal element survivorship of species of similar morphology.  In contrast, 

Dirrigl (2001) proposed that bone mineral values from a single animal or closely related 

group should be obtained for a number of different skeletal elements. By conducting a 

systematic, element-by-element comparison of baboon and bovid postcranial bulk bone 

mineral density measurements, Pickering (2002) determined that bovids exhibit greater 

absolute bulk density when all measured bone areas were considered. However, when 

grouping by body region, only the hindlimb region (femur, tibia, patella) revealed a 

significant difference between baboons and bovids—density differences in other body 

regions were not statistically significant. Given the conflicting results, recent research in 

archaeological faunal cases is currently focused on methodology and the improvement of 

analysis and application.  

Methodology 

Introduction of widespread application and methodology allows for direct comparison 

among skeletal elements, enabling researchers to address taphonomic implications of 
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variation in bone mineral density. Lam et al. (1998, 2003) reviewed and evaluated several 

different techniques employed in bone density pattern research. In particular, much of the 

debate surrounds the comparison of photon densitometry or absorptiometry to computed 

tomography (CT). Photon densitometry determines bone mineral content (BM) by measuring 

the strength of a photon beam projected through a skeletal element at a particular scan site. 

However, this method does not account for heterogeneity in bone tissue distribution and 

density within a cross-sectional area and often results in an underestimation of density. 

Computed tomography records measurements of photon attenuation from many different 

directions to reconstruct a detailed cross-sectional image of a scanned object and accounts for 

differences in cortical thickness. Extensive research has shown that CT produces more 

accurate and reproducible results in its quantitative assessment of bone mineral density (Lam 

et al. 1998, 2003). However, Farquharson and Speller (1997) demonstrate that low angle x-

ray scattering (LAXS) shows the most accurate and precise results for the measurement of 

trabecular bone. This method provides a measured spectrum that contains information that 

can be used to determine both the bone mineral density and the type of mineral that makes up 

the bone, a property unique to the LAXS system. In order to assess a truer representation of 

bone radiodensity, Symmons (2004) utilized a method based on photodensitometry that 

requires the conversion of radiographs into digital images in order to measure optical density 

of predefined parts of the image (digital photodensitometry). Another noninvasive method is 

dual x-ray absorptiometry (DXA), which is routinely used in clinical settings to diagnose 

bone loss and assess fracture risk. To measure BMC in archeological or forensic bone, DXA 

is used with appendicular measurement options and tissue equivalent platforms, such as 
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water or rice, to simulate soft tissue (Agarwal and Grynpas 2009). Among invasive methods, 

bone histomorphology gives access to the direct measurement of the amount of bone matrix 

in a given volume of biopsied bone, which is expressed in percentage of either spongy tissue 

or core volume (Meunier and Boivin 1997).  

Bone Mineral Density Studies in Human Remains 

Early bone mineral density studies involving human remains were mainly concerned 

with the difference in density with regards to sex and ancestry. Broman et al. (1958) 

determined that the densities of lumbar vertebrae and femora were different between 

European and African American skeletons of both sexes. In particular, they found that 

femora were significantly denser than lumbar vertebrae and that both were denser in 

Africans; however, they were not denser  in males than females. Regardless, the density of 

both bones decreased significantly with age at approximately the same rate. Trotter et al. 

(1959, 1960) found similar results when they compared a wide range of bones from 

European and African skeletons of both sexes. They determined that males were denser than 

females in the less weight-bearing bones (cervical vertebrae and humeri), but that the role of 

sex was less marked for the more weight-bearing bones (lumbar vertebrae and femora). In 

addition, mean densities were found to fall into four categories: 1) most dense—radii, ulnae, 

tibia; 2) less dense—humeri, femora, ribs; 3) still less dense—cervical vertebra; and 4) least 

dense—thoracic vertebrae, lumbar vertebrae and sacra. Thus, they concluded that the density 

of bone is related to structure rather than function; bones alike in structure although not in 

function (humeri and femora) did not significantly differ in density (Trotter et al. 1959, 

1960). Nelson et al. (1991) examined the relationship between regional bone density and 
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body size in African and European women. Differences in body size accounted for 

approximately 50 percent of the variance in bone density with Africans having higher body 

mass indices, suggesting that fat may be an important component of body size in terms of 

influence on bone mass. Bone density was found to be higher in African women in 

comparison to European women (Cohn et al. 1977; Nelson et al. 1991). 

Recent population-based studies emphasize the difference in age and sex-related 

patterns of cortical and trabecular bone loss and challenge the belief that bone loss is 

primarily a disease of menopause and old age, with women suffering greater bone loss than 

men (Agarwal and Grynpas 2009). In a study on vertebral bone mineral density in a British 

medieval collection (Wharram Percy), females had a significant decrease in bone mineral 

density of the trabecular region at a younger age when compared with males. However, 

neither sex revealed a statistically significant decrease in density between middle and old age 

(Agarwal and Grynpas 2009). Similarly, Holck (2007) also observed a lack of significant 

difference in average bone mineral density between males and females when he analyzed 

femoral necks from the Schrenier collection in Oslo. In contrast, Martin et al. (1985) 

examined density in Alaskan Eskimo tibiae and found that bone mineral content in women 

was lower between the third and sixth decades; males did not significantly decline with age.  

Density and Diagenesis  

Taphonomic analyses are frequently reliant on bone structural density data as a proxy 

measure of bone strength (Symmons 2004). However, very few bone mineral density studies 

have been conducted that are specifically applicable to questions of taphonomy and 

diagenesis.  
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Motivated by the need to obtain a standardized and accurate measure of bone mineral 

density from a variety of sites in humans, Galloway et al. (1997) measured the six major limb 

bones (humerus, radius, ulna, femur, tibia, and fibula) with a single photon absoprtiometer in 

order to provide differential survival rates that could be applied to forensic and 

archaeological material. According to midshaft densities, the elements were ranked from 

most to least dense as femora, tibiae, humeri, radii, ulnae, and fibulae (Galloway et al. 1997). 

In a comparison of contemporary density values to those found among the Crow Creek 

massacre victims, Willey et al. (1997) were able to determine the relationship between bone 

density and preservation. This study revealed that density is important in the survival of 

buried bones as denser elements and denser element portions are more likely to survive and 

provide a better estimation of the “maximum” minimum number of individuals (MNI) than 

less dense skeletal parts. They also noted that side, sex, and age differences in bone mineral 

density have the potential to alter the survival rate of skeletal remains (Willey et al. 1997).  

The process of diagenesis accounts for much of the differences in density as the 

exchange of minerals with the surrounding soils varies considerably by type of hard tissue, 

extent of surface exposure, and integrity of the collagen structure. In particular, prediction of 

actual density loss over time is difficult given the inability to accurately determine initial 

bone mineral densities from archaeological samples; maceration and prolonged boiling 

techniques can cause as much as ten percent of bone mineral density loss (McDonald 1991; 

Willey et al. 1997). It is also difficult to determine the extent of diagenetic alteration without 

invasive or chemical methods (Klepinger et al. 1986; Wiley et al. 1997; Dirrigl 2001). Using 

cortical human bone samples from an archaeological site in Sicily, Klepinger et al. (1986) 
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performed a chemical analysis by inductively coupled plasma emission spectroscopy (ICP), a 

technique capable of determining elements in bone, in order to investigate whether it was 

possible to systematically account for diagenetic change. Their results revealed that a 

majority of the bone elements did not exhibit a progressive unidirectional increase or 

decrease in concentration over time, implying that diagenetic change is not a predictable 

function of time since interment. Furthermore, element and cortex variation among major 

limb bones from single individuals was high, indicating that one bone cannot be freely 

substituted for another—suggesting a possible chemical inhomogeneity in the elemental 

composition of bone tissue (Klepinger et al. 1986). 
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CHAPTER THREE: MATERIALS AND METHODS 

 

 

I. DOMESTIC PIGS AS EXPERIMENTAL RESEARCH SUBJECTS 

In order to simulate the conditions of a mass grave, a sample of ten complete pig (Sus 

scrofa) carcasses were utilized as an analogue for human remains. The 50-lb domestic pig is 

the standard “model corpse” for research for its similarity to humans in internal anatomy, fat 

distribution, size of chest cavity, and lack of heavy fur (Schoenly 2006). In addition, swine 

were chosen as experimental subjects because pig bones share compositional similarities to 

human bones; pigs are also less expensive and readily available in a range of masses 

(McDonald 1991; Jaggers and Rogers 2008, 2009; Spicka et al. 2011). Adult pigs are 

generally preferable to juvenile pigs due to differences in decomposition and postmortem 

interval (PMI) approximations; however, due to their small size, juvenile pigs have been used 

as proxies for children in previous forensic research (Cunningham et al. 2011). 

The pigs were obtained from the North Carolina State University (NCSU) swine 

farm. All ten pigs were approximately 50 pounds in weight and were euthanized by bolt 

pistol, which was performed at the swine farm. These animals were euthanized humanely 

under the NCSU, Institutional Animal Care and Use Committee protocol number 10-092-T. 

Following euthanization, the pig carcasses were placed in a cooler (36 degrees Fahrenheit) 

overnight before being transported to the NCSU Lake Wheeler field facility and deposited 

within the mass grave. 
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II. BONE MINERAL DENSITY SCANNER 

The scanning was performed by dual x-ray absorptiometry on a Hologic QDR 

Discovery 4500W. This system utilizes a constant x-ray source that produces fan beam dual 

energy radiation over a wide range of transmitted intensities (Fan et al. 2010, Scafoglieri et 

al. 2011). Precision of instrument is ensured by quality control, which entails scanning a 

spine phantom. The spine phantom is constructed of hydroxyapatite molded from a cadaver 

spine (LI-L4), which is encased in epoxy resin to simulate soft tissue. The spine phantom 

was scanned daily to assess deviations of the measurements and the results are stored in a 

database (Covey et al. 2008). The Hologic QDR Discovery 4500W software performs 

calculations of the differential attenuations of the photon energies and presents data in the 

form of BMC (g) and BMD (g/cm
2
). Areas of special interest were marked on the scanned 

image and the bone mineral content of each area was calculated separately. These areas 

include: 1) the skull; 2) the chest and spine; 3) the upper limbs; and 4) the lower limbs. The 

area of each of these regions was calculated by the software package included with the 

Hologic QDR Discovery 4500W scanner to estimate the bone mineral density of each 

individual area.  

The initial bone density scans occurred within a single day over the course of six 

hours. Within hours of being euthanized, each pig was placed in a separate blue, medium-

sized body bag, which was then returned to the cooler. In stages, the pigs were transported to 

the NCSU Forensic Science Institute at the College of Textiles where they were scanned and 

then returned to the cooler; transportation from the swine farm to the bone density scanner 

took ten minutes. The pigs were transported from a car to the bone density scanner via a 
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moving cart—none of the pigs were left in the car and the room with the bone density 

scanner was air-conditioned. Prior to scanning, each pig was assigned a number (1-10) which 

was written in three separate locations on each body bag. Each pig took ten to twelve minutes 

to complete a full body scan and was positioned on the left side. For the duration of the scan, 

the pigs were left in the body bag, which were zipped open. All ten pigs were returned to the 

cooler until the next morning. 

 

 

Figure 3.1 Reconstructed remains for the final density scan 

 

The final bone density scans were taken within a week following excavation. The 

skeletonized remains were separated by fracture status and then sorted by depositional 

environment and location within the grave. In order to scan the remains, individual pigs were 

reconstructed along environmental and locational designations as it was not possible to 

isolate individual pigs given the state of commingling within the grave (Figure 3.1). Rice 

served as a soft tissue equivalent.  The buried remains found along the periphery were pooled 

within a single group (combined fractured and non-fractured). A total of 15 reconstructed 

pigs, including those buried on the periphery, were scanned.   
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To examine the change in density over time, final density scores were subtracted from 

initial density scores. However, the ten original pigs could not be directly correlated with the 

final fifteen reconstructed pigs so the mean results, divided into depositional environment 

and bone type, for the ten original pigs were used as the initial density scores in the final 

calculation of density change. The same equation was used for both fractured and non-

fractured pigs. For example: Density Change = (Original Core/Upper Limb Mean) – 

(Reconstructed Core/Upper Limb Mean). This method allows for the comparison of initial to 

final density results in order to make inferences regarding the relationship between density 

and decomposition and to analyze changes in density as a function of time.   

 

III. NCSU LAKE WHEELER FIELD SITE 

The Lake Wheeler Road Field Lab is located on North Carolina State University 

research land within the city limits of Raleigh, North Carolina. The research area is 

characteristic of the North Carolina Piedmont with a warm temperate climate, humid 

precipitation levels, and hot summers. In particular, the Lake Wheeler field site consists of an 

open agricultural field with partial tree cover and acidic soil (clay loamy soil) (Cunningham 

et al. 2011).    

The burial site was excavated by the NCSU Lake Wheeler field crew. The burial site 

measured 11’ by 12’6” (335.3 cm by 381 cm) in width and averaged 6’ 4.25” (193.7 cm) in 

depth. The average depth was calculated by measuring from the center point at the surface in 

each of the four walls to the ground level of the grave and averaging those measurements. A 

50 foot pipe was placed within the grave and buried downhill to serve as a drainage system; a 
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wire mesh screen was placed over the entrance of the pipe within the mass grave to prevent 

clogging. 

All ten pigs were transported from the cooler at the NCSU Swine Farm to the field 

site. Two types of wounds were inflicted before the pigs were deposited in the grave. Sharp 

force trauma was caused by a machete with a 17 inch blade and consisted of chopping 

wounds. Blunt force trauma was inflicted with an eight-pound, two-inch diameter 

sledgehammer. For both types of trauma, the majority of the wounds were placed on the legs 

and upper torso of the pigs—number of wounds and type of force were not consistent 

between pigs as wounds were inflicted by individuals of different age and sex. Based upon 

the number assigned at the initial bone density scan, pigs one through five received sharp 

force trauma, while pigs six through ten received blunt force trauma. Following the infliction 

of trauma, each pig received three identification tags: one around the stomach, one on a front 

leg, and one on the opposite back leg. The identification tag specified the pig number (1-10) 

and type of trauma. These identification tags consisted of clear, plastic luggage tags that had 

been closed with packaging tape and secured to the pig with cable ties. The pigs were then 

haphazardly deposited into the grave (Figure 3.2) 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.2 Initial Deposition 

 

 

 

 

 

 

 

 

 

Figure 3.3 Construction of Fence 
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After the pigs were interred within the grave, a fence was erected to prevent 

scavenging and risk of falling. A large, wooden beam was placed horizontally across the 

grave with a roll of fourteen-gauge, welded wire positioned on top. Approximately, ten, 0.91 

meter U-posts were situated around the top surface of the grave to anchor the welded wire. 

Another roll of welded wire was then placed surrounding the top of the grave and cable ties 

were used to fasten the fencing to the u-posts. In addition, stakes, cable ties, dirt, rocks, and 

extra pieces of fencing were used around the bottom edges of the fence to close the larger 

openings to thwart smaller scavengers. A single entrance was created for observational 

purposes (See Figure 3.3).  

 

IV. WEEKLY DOCUMENTATION 

Observations were recorded over a three month period (July-September) and were 

photographed with a Nikon D80 digital camera. During the first week, observations were 

made daily and then weekly as warranted by changes in the stage of decomposition. The 

following observations were recorded on a data collection form at every site visit: 

temperature, state of decomposition, weathering, scavenging, insect stage, fly activity, beetle 

activity, and additional adult insect observations.  

Decomposition 

The state of decomposition was assessed and scored during onsite visits and from 

photographs of the remains. Decomposition was scored using a modified version of 

Rodriguez and Bass (1983) and Galloway et al.’s (1989; 1997) method; these categories were 

originally designed to describe the decomposition process as it occurs in Eastern Tennessee 
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and Southern Arizona, respectively, and were not meant to be sequential. However, for the 

present study, it was necessary to adapt these stages to reflect sequential ranking so that the 

final total body score for decomposition would exhibit the total amount of accumulated 

decomposition that had taken place (Megyesi et al. 2005). Thus, decomposition was first 

divided into four broad categories: fresh, early decomposition, advanced decomposition, and 

skeletonization. Remains were recognized as fresh when there was no visible trace of maggot 

activity or discoloration, other than that caused by lividity. Early decomposition refers to 

remains that show signs of discoloration and encompasses the bloating and post-bloating 

phases. Advanced decomposition includes tissue sagging, extensive maggot activity, 

mummification, and desiccation. Skeletonization occurs when a majority of the bones are 

exposed (Galloway et al. 1989).  

Within each of these categories, secondary stages serve to represent the overall 

appearance and general characteristics of the remains. In order to quantify the process of 

decomposition, the method devised by Megyesi et al. (2005) was adapted to fit the present 

study.   Megyesi et al. (2005) took each of the secondary stages and assigned a point value 

starting at “1” (fresh), which increased one point for each subsequent stage. The total number 

of points received signified the amount of accumulated decomposition that had occurred for 

that site visit. Given the complexity of decompositional processes within a mass grave, not 

all stages of decomposition were uniformly occurring in all body segments of a single pig. To 

account for differential decomposition, the remains were scored independently for three 

separate areas: 1) the head and neck, including the cervical vertebrae; 2) the trunk, including 

the thorax, pectoral girdle, abdomen, and pelvis; and 3) the limbs, including the forelimbs 



 

55 

and hindlimbs (Megyesi et al. 2005). The stages of decomposition were distinct for each of 

these three areas of the body, which resulted in three separate scores for a single individual 

per site visit. Consequently, each of the scores for the three regions are added together to 

produce a total body score (TBS). The lowest score an individual can obtain is 3, which is 

equivalent to fresh for all three regions, and the highest score is 35, indicating dry bone in all 

three regions. In the few cases in which the stage of decomposition differed across a single 

anatomical region, the point value assigned reflected the earlier stage of decomposition since 

the total body score is meant to represent the overall state of decomposition.  

Insect Activity 

At each site visit, every individual pig was scored for location of insect activity, 

insect stage present, fly activity, beetle activity, and descriptions of both beetle activity and 

adult insects. Fly activity was recorded as: adults present, eggs present, larvae present, many 

larvae present (defined as a large mass that covers a considerable portion of the body), and 

larvae no longer present. For stages of insect activity, each pig was classified according to 

the following stages: 

1. Fresh—no odor, adult flies present, feeding and ovipositing on remains 

2. Bloated—decomposition odor noticeable, abdomen inflated, bodily fluids 

extruding from body openings; adult flies, eggs, and early instar larvae present 

3. Active—decomposition odor strong, fly larvae penetrating around body openings; 

beetles present consuming fly larvae 

4. Advanced—odor lessening, most of soft tissue gone, fly larvae beginning to 

disperse 

5. Dry—remains reduced to dry skin, hair, cartilage, and bones; few fly species 

present, adult and larval beetles consuming dried remains 
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Extensive photographs and descriptions were taken of beetle activity and adult insects in 

order to accurately identify the insect activity present at each site visit.  

Weathering 

Temperature data were obtained from the State Climate Office of North Carolina, 

recorded by the Lake Wheeler Road Field Lab weather station, and downloaded into an excel 

spreadsheet. Climatic data consisted of air temperature, daily precipitation, soil temperature, 

soil moisture, and local storm reports. Daily temperature averages, calculated as an average 

of the minimum and maximum air temperature for the day, were used to determine the 

accumulated degree days between site visits, enabling a comparison between temperature and 

decomposition. For each site visit, accumulated degree-days were calculated by adding 

together all of the average daily temperatures since the previous site visit.   

To analyze bone weathering during site visits, Behrenmeyer’s (1978) scale was used; 

however, weathering did not exceed stage 0 as there were no signs of longitudinal cracking 

or other forms of advanced weathering. Thus, the method devised by Cunningham et al. 

(2011) to score for minute changes to the bone was utilized after the remains were excavated 

and inventoried. The fractured and non-fractured remains were scored separately and divided 

by depositional environment. All of the remains were scored as present or absent for flaking 

or cracking, erosion, flaking and erosion, and pockmarks (Table 3.1).  
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Table 3.1 Types of Weathering (Cunningham et al. 2011) 

Type of Weathering Definition 

Flaking/Cracking 

Characterized by a marbling pattern on the 

diaphyses of the elements and a series of fine 

cracks on the outermost layer; differs from 

longitudinal cracking in that only the outermost 

layer is affected    

Erosion 
Characterized as erosion of the outer layer of 

cortical bone resulting in trabecular bone exposure  

 

Similar to erosion but exhibits most often as a 

circular  

Pockmarks 
"pockmark" pattern due to the wearing away of the 

cortical  

  
bone layer, exposing the underlying trabecular 

bone 

 

V. EXCAVATION  

 Given the extreme commingling and difficulty of excavating individual pigs, the remains 

were categorized as either core or periphery and then by distinct depositional environment; 

all of the remains located in the core were submerged while the remains on the periphery 

were found on the surface, buried in dry soil, and submerged. Submerged refers to remains 

found embedded and buried in adipocere; these remains were wet and greasy. Surface 

remains were those that were lying on the top of the soil and could be gathered without the 

assistance of excavation equipment. Buried indicates those remains that were found several 

inches below the surface in soil that had remained dry.    

The first step taken in the excavation process was to pick up all of the surface remains 

and place them in evidence bags. Then moving from the left to the right side, the top layers 

of soil were meticulously removed by trowels and brushes; excavation did not extend below 

five inches. Remains were placed in designated evidence bags, labeled in the field, and then 
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transported for wet sieving. By individual evidence bag, remains were placed on a fine mesh 

screen and subjected to flowing water. Lumps of soil, adipocere, rocks, and vegetation were 

distinguished from skeletal material and discarded. Recovered skeletal remains were set out 

to dry and re-labeled. They were then re-bagged, labeled, and transported to the North 

Carolina Forensic Laboratory for skeletal analysis. 

  

VI. LABORATORY ANALYSIS 

 

Inventory 

Analysis included a skeletal inventory of identified skeletal elements to count the 

total number of bones that were recovered. Skeletal elements were sorted by depositional 

environment and counted according to whether they were non-fractured whole, fractured 

whole, or a fragment. Non-fractured whole bones were those bones that were completely 

intact with no evidence of a fracture. Fractured whole bones were those bones that contained 

fractures, but could still be identified because the majority of the bone was undamaged. This 

refers to bones that could be reconstructed based on fracture lines or bones that contained 

incomplete fractures. Fragments refer to skeletal material, smaller than one inch that could 

not be identified due to fracture or taphonomic damage.       

Due to the young age of the pigs, a majority of the skeletal elements were unfused, 

resulting in several components for each bone. To simplify the cataloguing of remains, each 

whole bone was counted as a single element even if several epiphyses were not present. The 

epiphyses of long bones were easily identifiable and given their own category within the 

skeletal inventory; the same was true of epiphyseal plates and epiphyseal unions. For several 
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of the larger structural elements, such as the pelvis, the young age of the research subjects 

yielded several discernible pieces. The juvenile pig os coxae consist of three separate bones 

(the ilium, the ischium, and the pubis) that fuse later in life much like the human pelvis. The 

pubis and ischium fuse during fetal development allowing for easy identification. Thus, the 

os coxae were counted if both of the remaining elements were present—each research subject 

should have two whole innominates (four separate unfused elements for each side) in total. 

The only two elements that were counted as individual pieces included the sternebrae and the 

sacrum; this was due to their size and difficulty in recovery (Cunningham et al. 2011). 

Fracture Analysis 

After the skeletal inventory was completed, all of the non-fractured skeletal elements 

were stored. The fractured elements were separated by depositional environment and then 

scored for completeness of fracture, fracture color, angle, outline, surface, the presence of 

fracture lines, and evidence of a butterfly fracture (Table 3.2, 3.3) (Villa and Mahieu 1991; 

Ubelaker and Adams 1995; Wheatley 2008; Wieberg and Wescott 2008; Moraitis et al. 

2009). 

Two months following excavation, non-fractured whole bones were fractured with 

the same weapons, separated by depositional environment and scored to represent an 

intermediate fracture state (PMI=5 months). To account for definitive postmortem fractures, 

pig bones from a previous taphonomic study (PMI=1 year) were also fractured and scored 

with the same weapons. The pigs from the previous taphonomic study were also placed 

during the summer and experienced a comparative level of exposure as those from the 

original study (Cunningham et al. 2011).  
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Table 3.2 Scoring System for Fracture Characteristics 

Characteristic Scoring System 

Completeness (0) Complete or (1) Incomplete 

Color (0) Uniform or (1) Difference 

Angle (1) Obtuse/Acute, (2) Right or  (3) Intermediate 

Surface (0) Smooth or (1) Jagged 

Outline (1) Transverse, (2) Curved/V-Shaped or (3) Intermediate 

Fracture Lines (0) Present or (1) Absent 

Butterfly Fracture (0) Present or (1) Absent 

 

Table 3.3 Definition of Fracture Characteristics 

Fracture 
 

Characteristic Definition  

Completeness If the fracture extends throughout the entire cross section of a bone 

Color 
Color between the bone fracture surface and the internal and external 

cortical bone surfaces 

Angle The angle formed by the fracture surface and the cortical bone surface 

Surface Texture of the fracture margin 

Outline Shape of the fracture on the bone 

Fracture Lines The occurrence of radiating fractures extending from point of impact 

Butterfly fracture 
When external forces causes the bone to bend, creating a concave 

surface at site of impact and a convex surface  

  causing a triangular shaped section of bone 

 

VII. STATISTICAL ANALYSES 

Decomposition Data 

Multiple observations were made over several months on the same ten subjects (pigs). 

The rate of decomposition was analyzed as a function of time with two distinct phases: the 

first phase encompasses the first six days in which observations were recorded daily and the 

second phase consists of all the subsequent site visits that had variable weekly recordings.  In 

order to examine the changes in decomposition over time, a longitudinal analysis using a 

linear mixed-effects model was performed. In matrix notation, the model has the form (Laird 

and Ware 1982). 
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yi = Xi β + Zi bi + ei; i =1, … ,N,  j = 1, … , ni (1) 

 

        bi ∼ Nq(0,Ψ) 

 

        ei ~ Nni  (0,σ²Ii) 

 
 

where yi is the ni  x 1 response vector of observations for the i subject, Xi is an ni x p design 

matrix of independent variables for the fixed effects, Zi is an ni  x q design matrix of 

independent variables for the random effects, β is a p x 1 vector of fixed population 

parameters, the bi are independent q x 1 vectors of random effects with Nq(0, Ψ) distribution, 

the ei are independent ni  x 1 vectors of random errors with Nni (0, σ²Ii) distributions, Ψ is the 

q x q covariance matrix for the random effects, and σ²Ii is the  ni  x ni  covariance matrix for 

the errors (Laird and Ware 1982; Edwards 2000; Nakai and Ke 2009). Within this model, it is 

assumed that the observations tend to be correlated rather than independent and if ignored, 

this correlation can negatively impact parameter estimation. To adjust for this correlation 

between observations, an autoregressive covariance structure—AR (1)—was fitted as the 

covariance matrix for the response: 

σ²  
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The AR(1) structure has homogenous variances and correlations that decline exponentially 

with distance. Measurements taken close in time within an individual tend to be more highly 

correlated (depending on the value of ρ) than measurements taken far apart in time from the 

same individual—as distance between observations increases, their correlation decreases 
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(Verbeke and Molenberghs 2000; Ryoo 2010) . The analysis was performed in SAS 9.2 

(2011).   

Fracture Data 

In order to determine group classification (PMI) based on environment and fracture 

characteristics, a predictive model known as Decision Trees was generated in SAS Enterprise 

Miner 6.1 (2009). Decision trees are a flexible, robust, nonparametric method capable of 

accepting several types of variables—nominal, ordinal, and interval (Neville 1999). This 

methodology is expressed by a flow diagram representing a predictive classification system. 

The tree is structured as a sequence of classifications that follow a path through the tree to 

individual leaves. This path from the root (root node) of the tree to a leaf (leaf nodes) 

establishes conditions, in terms of specified outcomes for the tests along the path, that must 

be satisfied by any case classified by that leaf (the rules follow an IF-THEN logic) (Moore et 

al. 2001; Chen 2009). The end product is a collection of hierarchical rules that segment the 

data into groups, where a decision (prediction) is made for each group. The criterion used to 

partition the data is the logworth statistic, which is the log of the adjusted p-value for the chi-

square test of independence, defined as – log10(p-value); the split that generates the highest 

logworth for a given input variable is selected (Gaudard et al. 2006). Each decision tree has a 

misclassification rate, which indicates the optimal number of leaves to retain for the best 

prediction and the percentage of error. Multiple decision trees were produced to evaluate 

whether time of fracture (PMI) could be predicted based on fracture characteristics and if the 

depositional environment influences classification.    
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CHAPTER FOUR: RESULTS 

 
 

I. DECOMPOSITION RESULTS 

 

Longitudinal Linear Mixed-Effects Model  

 

In the first phase of decomposition (the first six site visits), the results of the linear 

mixed-effects model analysis indicate that the slope for the rate of decomposition (TBS) is 

statistically significant as a function of time. In addition, both temperature (ADD) and stage 

of insect activity significantly affected the total body score. During the second phase of 

decomposition (site visit six through twenty), inflicted trauma and temperature had the most 

significant influence on the rate of decomposition.  

Table 4.1  Longitudinal Linear Mixed-Effects Model  

  
Estimate 

Standard 

Error 
t  value Pr > | t | 

1st Phase (t< 6 days)         

Time (in days) 30.1292 3.9549 7.62 0.0001* 

Trauma -0.0562 0.1969 -0.29 0.7757 

Location -0.2316 0.2772 -0.84 0.4046 

Trauma*Location 0.4379 0.3691 1.19 0.2372 

ADD -0.3342 0.053 -6.3 0.0001* 

Stage of Insect Activity 0.7853 0.2138 3.67 0.0003* 

Initial Density -2.1073 1.8797 -1.12 0.2638 

          

2nd Phase (t ≥ 6 days)         

Time (in days) 0.4303 0.3478 1.24 0.2177 

Trauma 0.0331 0.0114 2.9 0.0042* 

Location -0.0208 0.0145 -1.44 0.152 

Trauma*Location 0.0064 0.0191 0.34 0.7371 

ADD -0.0039 0.0007 -5.4 0.0001* 

Stage of Insect Activity -1.0238 0.0717 -0.33 0.74 

Initial Density 0.1616 0.1039 1.56 0.1215 

*significance with α = 0.01
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Figure 4.1 The Effects of Location and Trauma on Rate of Decomposition 
Group 1 = Blunt Force Trauma in the Core; Group 2 = Blunt Force Trauma in the 

Periphery; Group 3 =Sharp Force  Trauma in the Core; Group 4 is the reference category 
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The rate of decomposition in the first phase is statistically significant when time is a 

factor; however, there is no significant difference between the four separate groups in terms 

of location in the grave and  trauma. The effects of trauma and location are statistically 

significant during the second phase of decomposition. In particular, the combination of blunt 

force trauma within the core of the grave (Group 1, p = 0.0382) and sharp force trauma 

within the core of the grave (Group 3, p = 0.0336) has a significant effect on the rate of 

decomposition.  

Table 4.2 The effects of location and trauma on the rate of decomposition 

  Estimate Standard Error t value Pr > | t | 

1st Phase (t < 6 days) -23.8569 0.7976 -29.91 0.0001** 

2nd Phase (t ≥ 6 days)         

Group 1  -1.9902 0.9532 -2.09 0.0382* 

Group 2 -1.3304 0.9002 -1.48 0.1412 

Group 3 -1.474 0.6882 -2.14 0.0336* 
         Group 1 = Blunt Force Trauma in the Core; Group 2 = Blunt Force Trauma in the Periphery; Group 3 =Sharp Force  

         Trauma in the Core; Group 4 is the reference category; *significance with α = 0.05, ** α = 0.01   

 

 

Bone Weathering Analysis 

The most pervasive form of bone weathering for both locations—the core (72.4%) 

and periphery (86.6%) of the mass grave—is erosion of the articular facets and epiphyseal 

articulations. The percentage of total weathering was roughly equivalent between the core 

(25.9%) and periphery (26.3%). When compared against the total number of skeletal 

elements recovered, excluding fragments, the core contains a higher percentage of 

weathering (11.2%). If the periphery remains are divided by depositional environment, then 

both the remains on the surface (33.7%) and those buried in dry soil (44.4%) contain high 

percentages of weathering. However, in comparison to the total number of skeletal elements 
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recovered, the periphery remains found  on the surface have the highest percentage (5.8%) of 

weathering.  

 

Table 4.3 Bone Weathering Percentages 

                           Total Core                           Total Periphery 

                                   (Submerged)              (Surface/Buried/Submerged) 

Flaking/cracking 16/192 (8.3%) 3/127 (2.4%) 

Erosion 139/192 (72.4%) 110/127 (86.6%) 

Pockmarks 6/192 (3.1%) 10/127 (7.9%) 

Flaking and Erosion 31/192 (16.2%) 4/127 (3.1%) 

    

  Total (Deposition) 192/742 (25.9%) 127/483 (26.3%) 

Total (Recovered) 192/1708 (11.2%) 127/1708 (7.4%) 

  
Surface 

Periphery 

Buried 

Periphery 

Submerged 

Periphery 

Flaking/cracking 0/99 (0%) 3/8 (37.5%) 0/20 (0%) 

Erosion 88/99 (88.9%) 5/8 (62.5%) 17/20 (85%) 

Pockmarks 7/99 (7.1%) 0/8 (0%) 3/20 (15%) 

Flaking and Erosion 4/99 (4%) 0/8 (0%) 0/20 (0%) 

  

   Total (Deposition) 99/294 (33.7%) 8/18 (44.4%) 20/171 (11.7%) 

Total (Recovered) 99/1708 (5.8%) 8/1708 (0.47%) 20/1708 (1.2%) 

 

 

 

II. FRACTURE RESULTS 

 

Decision Tree Scenario 1 (Environment Known) 

If the environment of a bone is known and all the fracture characteristics are 

considered, color is the best predictor to use for group classification. When the color is 

uniform then there is a 93.2% probability that the fracture belongs to the perimortem group; a 

difference in color alone is not a good predictor for group classifiction. However, if the color 

of a fracture (uniform) is combined with knowledge of the environment (submerged), then 
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there is a 100% possibility that the fracture is perimortem. If the color of a fracture is 

different and found on the surface, the group classification changes to a 60.7% possibility of 

belonging to the postmortem group (Figure 4.2). The misclassification rate for this model is 

0.159. 
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Figure 4.2 Decision Tree Model for Scenario 1 (Environment Known); misclassification rate of 15.9% 

 



 

71 

Decision Tree Scenario 2 (Environment Known) 

If the environment of a bone is known but color is unable to be ascertained, then 

surface morphology becomes the best predictor for fracture classification. A smooth surface 

provides a 80.4% probability of a perimortem classification; a jagged fracture surface has an 

equal chance of belonging to the intermediate (51.4%) or postmortem (48.6%) group. 

However, if the fracture is jagged and found on the surface, then there is a 64.3% possibility 

that the fracture occurred during the postmortem interval. In contrast, if the fracture surface 

morphology is jagged, but the remains were found in a submerged environmental context, 

then the fracture cannot be placed in either the perimortem or postmortem time frame; the 

fracture is classified as intermediate (100%) (Figure 4.3). The misclassification rate for this 

model is 0.227. 

 

Decision Tree Scenario 3 (Environment Known) 

 When the environment is known, but both the color and surface are obscured, then the 

best predictor for group classification becomes fracture outline. If the fracture outline is 

curved or v-shaped, then the fracture most likely occurred at time of death (82.5%). 

Transverse and intermediate fracture outlines are not a reliable indicator for fracture 

classification without knowledge of depositional environment; these characteristics have 

equal probability of belonging to the intermediate (45.8%) or postmortem (37.55) group. 

However, if the fracture outline is either transverse or intermediate and the environment is 

known, the possibility of a correct group prediction increases (Figure 4.4). The 

misclassification rate for this model is 0.295.
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Figure 4.3 Decision Tree Model for Scenario 2 (Environment Known); misclassification rate of 22.7% 
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Figure 4.4 Decision Tree Model for Scenario 3 (Environment Known); misclassification rate of 29.5% 
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Decision Tree Scenario 4  (Environment Unknown) 

 

If the environment is unknown, color remains the best predictor to use for group 

classification. In this model, if the color of a fracture is uniform, then the second best 

predictor is fracture angle; when the angle is obtuse, acute, or mixed then there is a 100% 

possibility that the fracture belongs to the perimortem interval. However, if the color of a 

fracture is different, then the second best predictor is the surface morphology of a fracture. 

When the surface morphology of a fracture is jagged then the fracture belongs to either the 

intermediate (52.8%) or postmortem interval (47.2%); if the surface morphology is smooth, 

the fracture has a high probability (100%) of exhibiting intermediate morphology (Figure 

4.5). The misclassification rate for this model is 0.227. 

 

Decision Tree Scenario 5 (Environment Unknown) 

When the environmental context remains unknown and color is unable to be scored, 

then fracture surface is the best fracture characteristic to use for group classification. If the 

surface is smooth, then the fracture is most likely (80.4%) perimortem; however, if the 

surface is jagged, then this indicator becomes unreliable and the fracture has an equal 

probability of belonging to the intermediate (51.4%) or postmortem (48.6%) group (Figure 

4.6). The misclassification rate for this fracture characteristic is 0.318. 

 

Decision Tree Scenario 6 (Environment Unknown) 

If the environment remains unknown and both color and surface are ambiguous, then 

fracture outline is a useful characteristic. This chacteristic is reliable when the outline is 

curved or v-shaped; this morphology is associated with the perimortem interval (82.5%). 
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When fracture outline presents as either transverse or intermediate, it becomes unreliable and 

can present as either intermediate (45.8%) or postmortem (37.5%) (Figure 4.7). The 

misclassification rate for this fracture characteristic is 0.315. 
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Figure 4.6 Decision Tree Model for Scenario 5; misclassification rate of 31.8% 

 

 
Figure 4.7 Decision Tree Model for Scenario 6; misclassification rate of 31.5% 
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Figure 4.5 Decision Tree Model for Scenario 4 (Environment Unknown); misclassification rate of 22.7%
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III. BONE MINERAL DENSITY RESULTS 

 

Among the non-fractured remains, those located within the core (submerged 

environment) have a greater net bone mineral density loss (0.327) than those found on the 

periphery (0.183, 0.270). The ribs and vertebrae have the largest density loss when compared 

across all of the non-fractured remains. In addition, the lower limbs tend to lose more bone 

mineral density than the upper limbs across every depositional environment within the non-

fractured remains.  

The greatest net bone mineral density loss within the fractured remains occurred on 

the surface periphery (0.221). The ribs and vertebrae have the greatest density loss in 

comparison to the upper and lower limbs. The lower limbs tend to lose more density than the 

upper limbs in the submerged environment, regardless of location.  

The net bone mineral density loss within the combined fractured and non-fractured 

periphery buried group is comparable (0.316) with the non-fractured remains found 

submerged in the core (0.327). The ribs and vertebrae have a greater density loss than the 

lower limbs.  

The mean bone mineral density loss in the skulls is higher in the core (0.120) than in 

the periphery (0.0488). Within the same location (periphery), submerged remains (0.136) 

tend to lose more density than surface remains (0.039, 0.024, 0.050). The only incident of an 

increase in bone mineral density occurs in the skull of Pig 4 (+0.005), which is located on the 

periphery within a submerged environment.  
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Table 4.4 Initial Bone Mineral Density Results 

Column1 
Net BMD 

(g/cm²) Skull 

Upper  

Limbs 

Lower 

Limbs 

Ribs, Verts, 

etc. 

Core           

Pig 1 0.589 0.839 0.408 0.528 0.818 

Pig 2 0.631 0.737 0.608 0.628 0.933 

Pig 5 0.617 0.837 0.566 0.573 0.921 

Pig 8 0.620 0.808 0.542 0.584 1.010 

Pig 10 0.606 0.815 0.514 0.540 1.024 

Mean 0.613 0.807 0.528 0.571 0.941 

            

Periphery            

Pig 3 0.616 0.855 0.488 0.534 0.986 

Pig 4 0.508 0.583 0.456 0.518 0.806 

Pig 6 0.560 0.736 0.527 0.485 0.919 

Pig 7 0.498 0.676 0.427 0.410 0.857 

Pig 9 0.625 0.87 0.479 0.658 0.892 

Mean 0.561 0.744 0.475 0.521 0.892 
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Table 4.5 Final Bone Mineral Density Results 

Submerged  

Core 

Net BMD  

(g/cm²) Skull 

Upper 

Limbs 

Lower 

Limbs 

Ribs,  

Verts, etc.  

Non-Fractured           

Pig 1 0.326 - 0.323 0.377 0.541 

Pig 2 0.295 - 0.337 0.299 0.282 

Pig 3 0.274 - 0.379 0.290 0.499 

Pig 4 0.246 -  - 0.272 0.468 

Mean 0.285 - 0.346 0.310 0.448 

            

Fractured           

Pig 1 (Skull 1) 0.357 0.719 0.345 0.453 0.488 

Pig 2 (Skull 2) 0.336 0.680 0.389 0.289 0.256 

Pig 3 (Skull 5) 0.421 0.792 0.351 0.261 0.464 

Pig 4 (Skull 8) 0.445 0.628 - - 0.514 

Pig 5 (Skull 10) 0.459 0.616 - -  - 

Mean 0.404 0.687 0.362 0.334 0.431 

Periphery Submerged 

Non-Fractured           

Pig 1 (Skull 4) 0.291 0.588 0.266 0.238 0.516 

Fractured           

Pig 1 (Skull 3) 0.380 0.719 0.366 0.252 0.287 

Periphery Surface 

Non-Fractured           

Pig 1 (Skull 6) 0.352 0.697 0.317 0.322 0.600 

Pig 2 (Skull 9) 0.404 0.820 0.350 0.329 0.264 

Mean 0.378 0.759 0.334 0.326 0.432 

Fractured           

Pig 1 (Skull 7) 0.340  0.652  - 0.299 0.257 

Periphery Buried 

Pig 1 0.316 -   - 0.348 0.485 
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Non-Fractured and Fractured  

Periphery Buried  Initial Density   Final Density   Density Loss/Gain   

Net BMD Mean 0.561   0.316   -0.316   

Upper Limbs Mean -    -    -    

Lower Limbs Mean 0.521   0.348   -0.173   

Ribs/Verts/etc. Mean 0.892   0.485   -0.407   

      Skull        
Core (Submerged) Initial Density 

 
Final Density   Density Loss/Gain   

Pig 1 0.839   0.719   -0.120   

Pig 2 0.737   0.680   -0.057   

Pig 5 0.837   0.792   -0.045   

Pig 8 0.808   0.628   -0.180   

Pig 10 0.815   0.616   -0.199   

Mean 0.807   0.687   -0.120   

Periphery              

Pig 3 (Submerged) 0.855   0.719   -0.136   

Pig 4 (Submerged) 0.583   0.588   +0.005   

Pig 6  (Surface) 0.736   0.697   -0.039   

Pig 7 (Surface) 0.676   0.652   -0.024   

Pig 9 (Surface) 0.870   0.820   -0.050   

Mean 0.744   0.695   -0.049   

Table 4.6 Bone Mineral Density Changes Over Time 

                                                  Non-Fractured                                  Fractured  

Core Submerged 

Initial 

Density 

Final  

Density 

 Density 

Change 

          Initial 

Density 

 Final 

Density 

Density 

Change 

Net BMD Mean 0.613 0.285    -0.327           0.613  0.404   -0.209 

Upper Limbs Mean 0.528 0.346   - 0.181           0.528  0.362   -0.166  

Lower Limbs Mean 0.571 0.310    -0.261           0.571  0.334  - 0.236 

Ribs/Verts/etc. Mean 0.941 0.448   - 0.494           0.941  0.431   -0.511 

Periphery Surface       

 

    

Net BMD Mean 0.561 0.378    -0.183           0.561  0.340   -0.221 

Upper Limbs Mean 0.475 0.334   - 0.142           -  -         - 

Lower Limbs Mean 0.521 0.326   - 0.196           0.521  0.299   -0.222 

Ribs/Verts/etc. Mean 0.892 0.432    -0.460           0.892  0.257   -0.635 
Periphery 

Submerged       

 

    

Net BMD Mean 0.561 0.291    -0.270           0.561  0.380   -0.181 

Upper Limbs Mean 0.475 0.266    -0.209           0.475  0.366   -0.109 

Lower Limbs Mean 0.521 0.238    -0.283           0.521  0.252  - 0.269 

Ribs/Verts/etc. Mean 0.892 0.516    -0.376           0.892  0.287   -0.605 
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CHAPTER FIVE: DISCUSSION 
 

 

I. DECOMPOSITION 

The rate at which remains decomposed was found to be statistically significant within 

the first six days of decomposition (Phase 1; p = 0.0001) (See Figure 5.1 in the Appendix). 

The main variables responsible for the rapid decomposition during this time period are 

temperature, measured as accumulated degree days, and stage of insect activity (Table 4.1). 

These findings are consistent with previous studies, indicating that these two factors are 

instrumental in the early stages of decomposition.  Soil temperature accelerates cadaver 

decomposition at higher temperatures in a variety of soils; higher temperatures were directly 

correlated with a higher level of soil microbial activity (Carter et al. 2008). Decay rates for 

remains exposed to direct sunlight during the summer were found to have a significantly 

faster rate of decomposition due to higher ambient temperatures; active decay was observed 

on the first day of deposition (Sharanowski et al. 2008). However, since temperature and 

insect activity were the only two variables to affect the first stage of decomposition, it is 

likely that there is an inherent interaction between these two factors. This assertion is 

supported by research conducted on temperature and rate of insect development. Warmer 

temperatures increase the number and type of carrion insects found in association with 

remains and consequently, accelerated insect development and activity produces faster rates 

of degradation (Campobasso et al. 2001). Although, it could be argued that insect activity, 

irrespective of temperature, is capable of generating rapid rates of decomposition given the 

thermal effect of maggot masses. Large maggot masses generate heat through metabolic 
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feeding activity that far exceeds ambient temperatures; in effect, producing a stable, optimal 

heat level for accelerated larval development (Payne 1965; Greenberg 1991; Simmons et al. 

2010).  

Bone mineral density, type of trauma, and location within the grave (core or 

periphery) were not significant within the first phase of decomposition. Presumably, bone 

mineral density was not affected by decomposition within the first phase because diagenetic 

processes adhere to a different time frame. Interestingly, location was not a significant factor 

on the rate of decomposition contradicting earlier hypotheses that bodies in the center of 

mass graves decompose more slowly than those on the outer edges (Mant 1987). It is 

probable that areas of trauma or location were not preferentially chosen for oviposition due to 

the sheer quantity of flesh available for consumption; the magnitude of insects colonizing the 

remains may have also obscured possible trends. Thus, early decomposition in a mass grave 

environment can most likely be attributed to the interplay between temperature (ADD) and 

stage of insect activity.  

The decomposition rate in the second phase of decomposition (three months) was not 

statistically significant (refer to Figure 5.2 in the Appendix). This result was expected given 

that decomposition typically follows a sigmoidal pattern, comprised of three general phases: 

a lag phase, a period of rapid decomposition, and a final decrease in decomposition rate 

(Carter et al.2008; Spicka et al. 2011). During this time, temperature (ADD) remains 

influential, which suggests that temperature may be the single most important factor affecting 

the rate of degradation, especially with regard to long-term decomposition. Interestingly, 

trauma was found to have a statistically significant long-term effect on the rate of 
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decomposition (Table 4.1). This finding contradicts all previous research. Several studies 

have established a correlation between penetrating trauma, arthropod succession and rate of 

decomposition (Mann et al. 1990; Vass et al. 1992; Campobasso et al. 2001). Kelly (2006), 

however, found that knife wounds did not affect overall rate of decomposition. Cross and 

Simmons (2010) hypothesizes that while sites of trauma can result in differential patterns of 

decomposition, the actual rate of decomposition (measured quantitatively) will remain 

unaffected. In other words, sites of trauma will not speed up decomposition but can attract a 

different range of insects or result in a differential sequence of decomposition. Previous 

research is focused upon the early stages of decomposition, while the current study is the first 

to observe long term effects of trauma on rate of decomposition.  

 As previously established, there are no significant differences in the rate of 

decomposition with regard to location in the grave or type of trauma in the first six days of 

observation. The effects of trauma and location were found to be significant during the 

second phase of decomposition. In particular, blunt force trauma within the core of the grave 

and sharp force trauma within the core of the grave influenced the rate of decomposition 

(Table 4.2). Specifically, the combination of sharp force trauma and a core location appears 

to result in a lower total body score (rate of decomposition), while blunt force trauma in the 

core produces an overall higher decomposition score (Figure 4.1). Possible explanations for 

these findings include: 1) location within the core results in variable rates of decay, 

regardless of the type of trauma inflicted; 2) type of trauma can influence the rate of 

decomposition when remains are located in the same environment. Specifically, blunt force 

trauma is more likely to cause rapid decomposition in comparison to sharp force trauma. 
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Further research regarding the effect of trauma on rate of decomposition is recommended as 

the results are inconclusive. However, it is probable that the unique microenvironment of a 

mass grave results in variable rates of decomposition; submerged remains subjected to 

extensive moisture can naturally cause both rapid degradation and preservation (Rodriguez 

1997; Haglund and Sorg 2002).   

Bone Weathering  

 The most prevalent form of weathering throughout the mass grave was erosion of the 

articular facets and epiphyseal articulations (72.4% in the core and 86.6% in the periphery). 

This confirms the findings by Cunningham et al. (2011) who also observed a high frequency 

of erosion across several depositional environments. The percentage of total weathering by 

deposition was roughly equivalent between locations in the grave. Overall percentages of 

weathering were relatively low in both the core (11.2%) and periphery (7.4%) when 

measured against the total number of skeletal elements scored; however, the core displayed a 

slightly higher occurrence of weathering than the periphery (Table 4.3). Behrensmeyer 

(1978) noted that bones closest to the ground were often more weathered than bones that 

projected above the ground surface, suggesting that temperature and moisture fluctuations at 

the soil surface significantly contributed to patterns of bone weathering. Remains in the core 

were submerged; thus, they were experiencing direct contact with soil, resulting in a higher 

frequency of weathering.  

There was a noticeable discrepancy between weathering in the submerged 

depositional environment. Remains submerged on the periphery had the lowest frequency of 

weathering while remains submerged in the core had a high percentage of weathering. 
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Tappen (1994) and Andrews and Cook (1985) attribute slower degradation rates to remains 

deposited in shaded environments with a temperate climate. It is possible that the depth of 

submersion on the periphery was less than the depth in the core; thus, remains on the 

periphery would have more access to sunlight, humidity, and warmer temperatures, 

ultimately, resulting in a higher rate of degradation.   

 

II. FRACTURE CLASSIFICATION 

 

Color was found to be the best predictor to use for fracture group classification, 

regardless of whether the environment is known. If the fracture surface and cortical bone 

surface are identical in color, the model predicts a 93.2% probability that the fracture belongs 

to the perimortem group; however, if there is a difference in color, this indicator ceases to be 

useful for classification (Figure 4.2). Ubelaker (1995) determined that color change or 

staining of bone is caused by a variety of factors: blood, soil, water, organic matter, and 

fluids emitted from decomposition; furthermore, in the event of trauma, blood leaks from 

veins and arteries to form a hematoma over the damaged area (Huculak 2009). It is possible 

that color variation is a more effective method for distinguishing the timing of injury in mass 

grave environments; the large quantities of moisture—from decompositional fluids—can 

easily access and stain fracture sites.  

Generally, if color is unable to be scored, fracture surface and fracture outline were 

the second most reliable predictors of group classification (Figures 4.3, 4.4, 4.6, 4.7). A 

smooth fracture surface or curved/v-shaped fracture outline was characteristic of the 

perimortem interval; jagged fracture surfaces and transverse or intermediate fracture outlines 
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were unable to distinguish between the intermediate and postmortem groups. These findings 

are consistent with previous research on the timing of fracture characteristics. Moraitis et al. 

(2009) found fracture surface (in addition to color variation) to be the most useful method for 

the assessment of perimortem skeletal trauma. Wieberg and Wescott (2008) observed that 

fracture surface morphology exhibited the greatest degree of difference with time after death. 

Fracture outline was also determined to be helpful in identifying between perimortem and 

postmortem fractures, although Wheatley (2008) concluded that fracture outline was 

exclusive to the perimortem interval (Villa and Mahieu 1991; Wheatley 2008). If a fracture 

outline presented as either transverse or intermediate and the environment was known (e.g., 

surface), the possibility of a correct group designation increased (Figure 4.4). Conceivably, 

fracture outlines may prove to be a more useful indicator when depositional environment is 

known; this characteristic has been found to be more accurate once bones have been exposed 

to environmental conditions for a longer period of time (Shattuck 2010). In addition, it could 

be argued that fracture surface and outline are two of the most reliable indicators for 

distinguishing between perimortem and postmortem fracture morphology; both of these 

characteristics have proven consistent over a wide range of conditions, including a mass 

grave environment.     

Another trend observed within the data is an increase in the probability of a correct 

group classification when the depositional environment is known. Fractures found within a 

submerged environment are prone to intermediate fracture expression; the only exception is 

when the color of a fracture was uniform—in this instance, the probability increased from 

93.2% to 100% for the perimortem group (Figure 4.2). Postmortem changes in bone 
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composition influence fracture patterning and in particular, remains that have been 

submerged often exhibit perimortem fracture morphology for an extended period of time; a 

mass grave environment is ideal for the facilitation of a long intermediate interval (Sauer 

1998; Rhine and Dawson 1998; Haglund 2002). Fractures found on the surface increased the 

odds of a fracture belonging to the postmortem group. If a fracture was recovered with a 

jagged surface, the model predicts an equal likelihood of belonging to the intermediate or 

postmortem group; however, if the remains were known to be found on the surface, the odds 

increase in favor of that jagged fracture belonging to the postmortem group (Figure 4.3). 

Similarly, fractures with transverse or intermediate outlines have an increased chance of 

belonging to the postmortem group if found on the surface (Figure 4.4). The only case in 

which a surface environment obscured group classification was when the fracture exhibited a 

uniform color—a 93.2% probability of belonging to the perimortem group decreased to 

62.5% (Figure 4.2). Interestingly, in both circumstances in which there was an exception to 

the general trend, the fracture was found with a uniform color and classified as perimortem. 

A possible explanation for this occurrence is that the color could have equalized between the 

fracture surface and the bone surface, creating the appearance of perimortem injury (Wieberg 

and Wescott 2008).  

In cases where the depositional environment is unknown, the probability of an 

accurate fracture group classification is increased when more than one fracture characteristic 

is used (Figure 4.5). When the color of a fracture is uniform, fracture angle (specifically if 

the fracture presents an obtuse or mixed morphology) increases the probability that the 

fracture belongs to the perimortem group. This finding contradicts previous research, which 
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lists fracture angle as one of the most accurate indicators in determining the timing of 

fracture characteristics (Villa and Mahieu 1991; Wieberg and Wescott 2008; Shattuck 2010). 

In isolation, this fracture characteristic was found to be ambiguous, suggesting that it should 

only be used in conjunction with other features. In the same model, if a fracture was 

determined to have a difference in color between the fracture surface and cortical bone, then 

fracture surface increased the odds of a correct group designation; this was specifically true 

in cases where the fracture surface was smooth. These results indicate that accuracy in 

fracture group classification can be improved through the use of multiple fracture 

characteristics.  

 

III. BONE MINERAL DENSITY 

 

The non-fractured remains located within the core had a greater net bone mineral 

density loss than those found on the periphery; skulls located within the core also had a 

greater loss of mean bone mineral density than those on the periphery. Consequently, 

remains located within a submerged depositional environment tended to have a greater loss 

of density than those deposited on the surface (Table 4.6). These trends are most likely due to 

a combination of acidic clay soil and moisture. Moisture has been found to affect loss of 

bone mineral, and accelerate the process of degradation (Jaggers and Rogers 2009; Carter et 

al. 2010). Furthermore, soils high in clay content tend to retain moisture, resulting in stagnant 

water with high microbial activity (Rodriguez 1997; Haglund and Sorg 2002). However, 

there was an anomaly: fractured remains on the periphery surface had a similar density loss 

to those found in the submerged core (Table 4.6). It is equally likely that a high clay fraction 
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in soil, due to its compacted nature and reduced porosity, may also account for why the 

fractured remains in the core had a lower bone mineral loss than those on the periphery 

surface; clay soil is able to absorb certain enzymes, arresting the decomposition process 

(Turner and Wilshire 1999). Another explanation for why fractured remains on the periphery 

surface lose more density than those in the core is that remains on the surface have greater 

access to sunlight; in addition, trauma probably compromised the integrity of the bone, 

allowing for direct microbial contact (Willey et al. 1997; Carter et al. 2008). Thus, the 

inconsistencies in bone mineral density loss are attributed to the variable nature of a mass 

grave environment and the dichotomous quality of moisture, which can result in both 

accelerated degradation and preservation.  

The ribs and vertebrae displayed the largest bone mineral density loss, followed by 

the lower limbs and the upper limbs (Table 4.6). These results support the idea that relative 

bone mineral density is an important factor in the prediction of element survival; the size and 

shape of certain skeletal elements makes them more or less prone to degradation (Lyman 

1994). Galloway et al. (1997) found that skeletal elements could be ranked from the most to 

least dense as femora, tibiae, humeri, radii, ulnae, and fibulae. The denser the skeletal 

element, the more likely that element is to survive; however, side, sex, and age difference 

have the potential to alter the rate of degradation (Willey et al. 1997). Most likely, the results 

obtained in this study are not entirely consistent with previous studies due to the lack of 

dimorphism between pig forelimbs and hindlimbs. The results obtained do contradict the 

assumption that diagenetic change is not a function of time since deposition; a majority of the 

bone elements exhibit a progressive unidirectional decrease in bone mineral density over 
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time (Klepinger et al. 1986). The one exception to this statement was a slight increase in 

bone mineral density in the skull of pig 4 (+0.005); this pig was found in a submerged 

depositional environment on the periphery (Table 4.6). There are several explanations for this 

phenomenon. This could be the result of user error during the scanning process, or it could be 

part of the natural diagenetic process. As previously discussed, moisture greatly affects the 

process of degradation; it can cause leaching of chemicals from bone, increase dissolution, 

and facilitate the exchange of ions between bone and soil (Haglund and Sorg 2002; Jaggers 

and Rogers 2009). Thus, an increase in bone mineral density could reflect the beginning 

stages of diagenetic mineral infiltration and substitution from the surrounding sediment.  
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CHAPTER SIX: CONCLUSION 
 

 

This study provides a multidisciplinary approach to the investigation of fracture 

morphology and taphonomic processes within a mass grave environment. The quantification 

of decomposition as a function of time presents a comprehensive look at the taphonomic 

variables responsible for the rate of decomposition; results demonstrate that degradation is 

occurring in two distinct time periods. The first phase of decomposition (the first week of 

observation) is influenced by an interaction between temperature and insect activity. The 

second phase of decomposition, however, is largely affected by temperature and inflicted 

trauma. These results suggest that temperature is the only taphonomic variable with a long-

term effect on rate of decomposition. To date, this is also the first study to observe a long-

term effect of trauma on the rate of decomposition. Furthermore, location was found to be 

statistically insignificant, contradicting the idea that bodies within the core of a mass grave 

decompose more slowly than those on the outer edges. In terms of bone diagenesis, erosion 

of the articular facets and epiphyses was the most prevalent form of bone weathering. Results 

also indicate that the overall percentage of weathering was higher in the core; skeletal 

elements located within a submerged depositional environment displayed differential rates of 

weathering. Most likely, a difference in submersion depth between the core and periphery 

resulted in direct access to sunlight and higher ambient temperatures, producing variable 

percentages of weathering. 

The results of this study demonstrate that with some degree of accuracy, it is possible 

to predict time of fracture (PMI) from fracture morphology and depositional environment. In 
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particular, fracture color is the best predictor to use for fracture group classification, 

indicating that it may be the most accurate characteristic to use determining timing of 

fracture in a mass grave environment. However, if fracture color is obscured, fracture surface 

morphology and fracture outline provide the second best predictions for fracture group 

classification. In addition, knowledge of depositional environment can increase the 

probability of a correct fracture designation. Generally, fractures deposited on the surface 

increased the probability of a fracture belonging to the postmortem group; fractures found in 

submerged environments were prone to intermediate fracture expression. It is probable that 

this extended expression of perimortem fracture morphology can be explained by moisture 

retention (from bodily fluids) within the grave.   

In cases where the depositional environment is unknown, the probability of an 

accurate fracture group classification is increased when multiple fracture characteristics are 

utilized. Specifically, fracture angle (when expressed as obtuse or mixed) is able to increase 

classification for the perimortem group. However, this characteristic proved to be ineffective 

in distinguishing between fracture groups when used alone, suggesting that this characteristic 

should only be used in conjunction with other features.  

With regard to bone mineral density, four general trends were observed within the 

data: remains in the core had a greater net bone mineral density loss than those located on the 

periphery; remains located in a submerged depositional environment had a greater loss of 

density than those on the surface; ribs and vertebrae had the largest loss of bone mineral 

density in comparison to other body regions; and lower limbs had a greater loss of density 

than the upper limbs. Most likely, the combination of acidic clay soil and stagnant water can 
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explain the greater loss of density in remains found within the core or within submerged 

environments. Moisture affects chemical leaching of bone, increases microbial activity, and 

typically accelerates the process of degradation. Ribs and vertebrae displayed the largest loss 

of bone mineral density, validating the idea that relative bone mineral density is important for 

the prediction of skeletal element survival—the denser the element, the more likely it is to 

survive. In addition, the results support the concept that diagenetic change can be viewed as a 

function of time; a majority of the skeletal elements exhibited a progressive unidirectional 

decrease in bone mineral density over time. 

Humankind has waged war for centuries, but the advent of the twentieth century 

ushered in an age of genocide, holocaust, gulags, ethnic cleansing and “the disappeared” 

(Ferllini 2007).  Most of the research regarding mass graves has previously focused on 

positively identifying the remains in order to return them to their families; very little 

experimental research has been conducted on taphonomy. Thus, the research in this 

experimental study is novel in its aim to establish fracture characteristics and taphonomic 

changes within the context of a mass grave. This is significant in that the findings can be 

used to help establish time and cause of death for investigations involving human rights 

abuses. Despite the fact that this study only examined a fraction of lethal injuries, it provides 

a better understanding of the manner in which taphonomic variables (in a mass grave setting) 

have the potential to obscure evidence of a crime. These findings will serve to assist 

anthropologists who are confronted with a similar mass grave environment.    
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Future Considerations 

In the present study, research was conducted over the course of three months within a 

single season—summer. Future studies would benefit from a longer time frame over a range 

of seasons. Furthermore, this study focused on fracture and taphonomic patterns in a mass 

grave as it pertains to remains located on the surface. Thus, in order to receive an accurate 

representation of a mass grave environment, studies should be held in a variety of 

depositional environments; in particular, this study should be replicated in an environment in 

which the remains are buried.  

Additionally, this study focused on fracture patterns that resulted from two specific 

weapons—a machete and sledgehammer. A range of weapons would add depth to this 

research; however, it is recommended that only one weapon be used in each study, as it is 

difficult to obtain valuable information when the injuries from multiple weapons become 

commingled or are indistinguishable.  
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APPENDIX A 

 

 

Figure 2.2 Classification of Incomplete 

Fractures (Galloway 1999) 
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Figure 5.1 The First Phase of Decomposition (first six days of deposition) 
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Figure 5.2 The Second Phase of Decomposition (over the course of three months) 
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